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Abstract

Transcripts of pak4, the zebrafish ortholog of p21-activated kinase 4 (PAK4), are most abundant

in the egg and fall to low levels by the end of gastrulation, after which expression is essentially

ubiquitous. Translation of maternal mRNA into pak4 protein is first detectable at high stage (3.3

hpf). Splice-blocking morpholino oligonucleotides (MOs) were used to prevent zygotic pak4

expression. This had no discernable effect on development through larval stages. In contrast, a

translation-blocking MO, alone or in combination with the splice MOs, resulted in a complex

lethal phenotype. In addition to disrupted somite development and other morphogenetic

abnormalities, the knockdown of maternal pak4 expression led to alterations in regulatory gene

expression in the primitive hematopoietic domains, leading to deficiencies in granulocyte and

leukocyte lineages. At least some of the effects of pak4 knockdown on gene expression could be

mimicked by treatment with actin depolymerization agents, suggesting a mechanistic link between

regulation of microfilament dynamics by pak4 and regulation of gene expression in primitive

myeloid cell differentiation.
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1. Introduction

The Rho GTPase subgroup of small GTPases (Rho, Rac and Cdc42) play central roles in the

regulation of cell locomotion and cytoarchitectural reorganization (Bokoch, 2003; Edwards

et al., 1999). Key effectors of the Rho GTPases are the p21-activated kinase (PAK) factors

(Abo et al., 1998; Wells and Jones, 2010). There are six PAKs in mammals categorized into

two groups according to their cellular responses to GTPase activation. Both group I (PAK1–

3) and group II (PAK4–6) PAKs contain a GTPase-binding domain (CRIB, also named

PBD), guanine nucleotide exchange factor (GEF-H1) interaction domain (GID), proline-rich

regions and a C-terminal serine/threonine protein kinase domain (Callow et al., 2005;

Paliouras et al., 2009; Zenke et al., 2004). So far the defined autoinhibitory domain (AID)

has only been identified in group I PAKs (Ching et al., 2003; Jaffer and Chernoff, 2002;
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Zenke et al., 1999). Group I PAKs are activated via autophosphorylation upon binding to

activated Rho GTPases while the catalytic activity of group II PAKs is not altered by this

interaction (Bokoch, 2003; Eswaran et al., 2008). One possibility is that group II PAKs may

be regulated via subcellular localization in response to signaling. For example, PAK4 has

been reported to translocate to the Golgi apparatus in the presence of active Cdc42 (Abo et

al., 1998). However, this may not be the case for other group II PAKs: PAK5 (also called

PAK7) and PAK6 are localized to mitochondria in CHO cells and nucleus in CV-1 cells,

respectively, but this is independent of kinase activity or binding with Rho GTPases

(Cotteret et al., 2003; Yang et al., 2001).

PAK proteins have been shown to mediate cytoskeletal restructuring and cell morphology.

PAK1 controls actin organization and associates with the microtubule organizing center

(MTOC) while PAK4 is implicated in actin polymerization and formation of stress fibers

(Dan et al., 2001; Eswaran et al., 2008; Sells et al., 1997; Zenke et al., 2004). PAK4

phosphorylates LIM kinase 1 and induces its activity to phosphorylate cofilin, leading to cell

shape changes (Dan et al., 2001). During cell migration, PAK4 mediates formation of

filopodia at the leading edge upon stimulation by activated Cdc42 (Abo et al., 1998). In

association with Rho-family guanine nucleotide exchange factor (GEF-H1), PAK4 promotes

formation of lamellipodia as well as destabilization of microtubules in cultured cells (Callow

et al., 2005). PAK4 also enhances epithelial cell motility and invasion mediated by Gab1, a

Met receptor tyrosine kinase, in response to hepatocyte growth factor (Paliouras et al.,

2009). The roles of PAK proteins in cytoskeletal organization have also been implicated in

vascular development. PAK1 mediates lamellipodia formation in endothelial cell migration

and adhesion (Kiosses et al., 1999). In zebrafish, loss of pak2a and pak2b expression

resulted in defects in cranial vascular integrity leading to cerebral hemorrhage (Buchner et

al., 2007; Liu et al., 2007).

In mouse, loss of PAK4 resulted in an embryonic lethal phenotype (Qu et al., 2003). A

major abnormality in PAK4 null embryos was defects in both embryonic and

extraembryonic vasculature, where the abnormally vascularized epiblast was possibly the

primary cause of death (Tian et al., 2009). Formation of early vessels was not affected by

PAK4 deletion but the further vascular invasion in the labyrinthine layer of placenta was

missing. PAK4-null embryos died with heart failure and thinning of the myocardial wall

before embryonic day 11.5. The PAK4 knockouts also had multiple neuronal defects

including failure in differentiation and migration of spinal cord motor neurons and

interneurons. The caudal neural tube underwent improper folding, resulting in parted neural

lumens in the PAK4 mutants. These data suggest that PAK4 has multiple functions in

normal development as well as a complex role in epiblast/trophectoderm interaction (Tian et

al., 2009).

While loss of function in the mouse provides valuable insight on the developmental or

physiological function of a particular gene product, there are important questions in

evolutionary, developmental and cell biology that can be addressed by comparing the

functions of orthologous proteins in different species. For example, gene redundancy might

mask interesting functions in one species that could be revealed by loss of function analysis

in another. For this reason we have characterized the expression and function of pak4 in
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zebrafish, a highly tractable model for vertebrate development and genetics. We find pak4 to

be essential for fish embryogenesis, as it is for mouse, but with important distinctions. As in

mammals, zebrafish pak4 is required for normal development, but the effected tissues are

different. Furthermore, zygotic expression of pak4 appears to be dispensable in zebrafish,

whereas translation of maternal pak4 mRNA is essential for differentiation events in early

development, including primitive myelopoiesis, which is the focus of this paper.

2. Materials and methods

2.1. Animals

Zebrafish of background Ekkwill (EK) were used in the current study. Vasculature was

visualized in transgenic zebrafish (fli1a:eGFP, a gift from B. Weinstein; Lawson and

Weinstein, 2002). Embryos were cultured according to standard procedures (Westerfield,

2000) and staged as previously described by Kimmel et al. (1995). All experimental

procedures with zebrafish were approved by the NICHD IACUC (ASP # 09-039).

2.2. Plasmid constructs

A cDNA clone containing the full open reading frame of zebrafish pak4 (Genbank

Accession NM_001002222) was obtained from Open Biosystems (Thermofisher Scientific).

To construct wild type pak4 expression plasmids, PCR primers PAK4-F-EcoRI (GAG AAT

TCT CTG CTG CAG CCA TGT TCA GCA) and PAK4-R-XhoI (CTC TCG AGT CAT

CTC ATG CGG TTT TGT CTC) were designed at the 5′- and 3′-ends of the predicted open

reading frame of pak4, respectively. Expand High Fidelity Enzyme Mix (Roche) was used in

the PCR reaction. The amplification product was digested and cloned into the EcoRI-XhoI

sites of pCS2+-myc tag vector to generate pCS2+-myc-PAK4, which was used for synthesis

of myc-tag pak4 RNA. A 1.0-kb fragment of pak4 cDNA was subcloned into pCS2+ which

was used to synthesize RNA probes for pak4. Plasmid clones for syntheses of the other

riboprobes were gifts from Drs. Igor Dawid, Brant Weinstein (NICHD, NIH) and Raman

Sood (NHGRI, NIH).

2.3. RNAs and antisense morpholinos (MOs)

Plasmid constructs for in vitro transcription were first linearized by restriction digestion,

purified and used as templates for RNA synthesis reactions. Capped mRNAs were

synthesized by using mMessage mMachine kits (Ambion) with SP6, T7 or T3 RNA

polymerase according to the manufacturer’s instructions. With reference to the genomic

sequence of zebrafish pak4 deposited in the EnsEMBL genome database (Zv9,

ENSDARG00000018110), two splice-blocking morpholino oligonucleotides (MO-1 and

MO-2) and one translation-blocking MO (MO-3) were designed. MO sequences: MO-1,

GCC AGT CCA TTA GTC TTA TAT TTC G; MO-2, GAG ACT TTC ACT GAG ACC

CTC TTG; MO-3, TGA AGA GTG ATG TCC AGA CTA CGG G. Initially, we titrated the

dosage of splice MOs to determine the minimum concentration that would yield complete

inhibition of pak4 RNA splicing. This was 1.5 ng of MO-1 and 1.5 ng of MO-2, and this

dosage was used in all experiments. Target sites of MOs on the pak4 gene are shown in Fig.

2. For controls, either uninjected embryos were used, or a MO with a scrambled nucleotide

sequence was injected, as indicated in the figure legends. A translation-blocking MO for p53
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(GCG CCA TTG CTT TGC AAG AAT TG) was used to test for apoptosis-dependent

effects of MO injection. MOs were designed and synthesized by Gene Tools LLC and

prepared for injection according to the manufacturer’s instructions.

2.4. RT-PCR and quantitative PCR

Total RNAs were isolated from embryos at different stages using guanidinium thiocyanate

and phenol/chloroform extraction as previously described (Sargent et al., 1986). For

dissection, embryos were fixed in 1% trichloroacetic acid on ice for 10 min, followed by

cutting through the yolk and body of the embryo at the level of the anterior somites (see Fig.

3J) with iridectomy scissors. Reverse transcription was carried out with 800 ng total RNA

by using Superscript III Reverse Transcriptase (Invitrogen) and oligo (dT)20 primer.

Quantitative real-time PCR was performed with gene-specific primers using 1 μl single-

stranded cDNA synthesized from above and the LightCycler 480 SYBR Green I Master

reagent (Roche) in the LightCycler 480 System (Roche) according to the manufacturer’s

recommendations. Primer sequences were: fli1b-F (CAG TGG ACT GTA GTG TGA CT)

and fli1b-R (TGA TGC GCA TCA TGT CCT CT); flk1-F (CTG GTG GAG AGG CTA

GGA GA) and flk1-R (TGA TCG GGA TGT AGT GCT TTC); l-plastin-F (TCA CAT CAG

CAC AGA TGA GC) and l-plastin-R (TTC TCC AGA GCC TTG TTG AC); PAK4-F3

(ACG ATA AGA GGC CCA AAT CC) and PAK4-R3 (GAA GTT TGA CCA CCA CCG

CT). Primers for scl and mpo detection were described previously (Hsu et al., 2004;

Veldman and Lin, 2012). Relative gene expression was normalized to the β-actin level using

primer pair β-actin-F (TGA GCG CAA ATA CTC CGT CTG GAT) and β-actin-R (ACT

CCT GCT TGC TGA TCC ACA TCT) for pak4 mRNA, and to 18S rRNA using primers

(18S-F, CCT GCG GCT TAA TTT GAC TC; and 18S-R, GAC AAA TCG CTC CAC CAA

CT) for other genes in the corresponding cDNA samples. Primers used for monitoring the

inhibition of splicing by MOs, were F1 (GGG AAT TCA CGA TAA GAG GCC CAA ATC

C), R1 (TTC TCG AGG TGC ATC ACC GTT GTG CAT AG) and R2 (TTT CTC GAG

GAA GTT TGA CCA CCA CCG CT).

2.5. Whole-mount in situ hybridization

In situ hybridization of zebrafish embryos from various stages was performed according to

published procedures (Thisse and Thisse, 2008). Antisense digoxigenin (DIG)-labeled

riboprobes were synthesized using linearized plasmid clones as templates, SP6, T7 or T3

RNA polymerase and DIG RNA labeling Mix (Roche). DIG-labeled riboprobes were

purified by using NucAway Spin Columns (Ambion) as described by the manufacturer.

2.6. Immunoprecipitation and western blots

To prepare antibody to zebrafish pak4 protein, two peptides corresponding to amino acid

residues 129–143 (TDRYGDSKEREKPRC) and 150–164 (PRQSQRPGRSSREDC) from a

highly variable region of pak4 were synthesized, coupled to keyhole limpet hemocyanin,

used to raise high-titer antibody in rabbits and affinity-purified by Genscript Inc. For

immunoprecipitation and western analysis, chorionated embryos were homogenized in 10 μl

per embryo Complysis Buffer (SignaGen) containing protease inhibitors (Roche) followed

by centrifugation at 21,000g for 10 min. The supernatant from 50 embryos was combined
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with 2.5 μg purified anti-pak4 protein and incubated at 4 °C for 1 h. Then 15 μl of washed

protein G Dynabeads (Novex) was added to each sample and mixed by rotation for one hour

at 4 °C. Beads were removed by centrifugation and immobilized with amagnetic base, and

washed five times with TBST (10 mM tris pH 7.4, 150 mM NaCl, 0.05% Tween 20).

Protein was eluted by heating at 95° for 5 min in 1× gel loading buffer (Invitrogen)

electrophoresed on gradient acrylamide gels (NuPAGE, Invitrogen) transferred to

nitrocellulose and probed with 1:5000 dilution of the pak4 antibody. Detection was via HRP

conjugated anti-rabbit IgG (ECL; GE Healthcare) and Immobilon chemiluminescent

substrate (Millipore).

2.7. Imaging

Live and fixed embryos were mounted in 3% methyl-cellulose and 100% glycerol,

respectively, for microscopy documentation. Embryos were examined and photographed by

using the Leica MZ APO dissecting microscope with RETI-GA 1300 digital camera

(Quantitative Imaging Corporation) and QCapture software. Fluorescence was observed in

Leica MZ16F and documented with a Leica DFC500 camera. Flat mounts of fixed embryos

were photographed using an Axio-plan2 Inverted microscope (Zeiss) and DFC490 camera

(Leica).

2.8. Sequence analyses

For sequence comparison, multiple alignment and dendrogram construction, the following

online programs were used: http://searchlauncher.bcm.tmc.edu/, http://

blast.ncbi.nlm.nih.gov/Blast.cgi, and http://clustalw.genome.jp/.

2.9. Cytoskeletal inhibitor treatments

Dechorionated embryos were treated with inhibitors targeting microtubules (taxol; 39 nM,

Sigma–Aldrich or nacodazole; 5 μg/ml; Sigma–Aldrich) or microfilament depolymerization

drugs (cytochalasin B; 4 μg/ml; Sigma–Aldrich or latrunculin B; 0.25 μg/ml; Calbiochem).

Drug dosages were determined from published reports (Cheng et al., 2004; Solnica-Krezel

and Driever, 1994; Zalik et al., 1999) or by titration, in which case a dose was chosen that

gave maximal effects but did not exceed 40% mortality. All reagents were dissolved in

DMSO, which was used as a control. Embryos were treated continuously from tailbud

through 5–6 somite stage, then fixed for in situ hybridization.

3. Results

3.1. Zebrafish pak4 identification and expression

By searching the latest version of the zebrafish genome (Zv9 – http://www.ensembl.org), we

were able to identify orthologs of mammalian PAK1, 2, 4, 5 and 6 that distinctly clustered

with the index genes (Fig. 1A). Zebrafish pak1, 2 and 6 appeared duplicated, a common

finding with genes in teleost species (Meyer and Van de Peer, 2005). We could find no

zebrafish gene corresponding to mammalian PAK3. This was also the case for the medaka

and stickleback genomes, suggesting this gene may be absent in teleosts. The single copy of

PAK4 in zebrafish (pak4; ZFIN, zgc: 92014; Genbank Accession NM_001002222), mapped

to chromosome 15 as annotated in the EnsEMBL zebrafish genome database (Gene ID
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ENSDARG00000018110). The predicted zebrafish pak4 protein has 65% amino acid

sequence identity with the human ortholog, and exhibits the characteristic features of group

II PAKs: a GTPase-binding domain (CRIB or PBD), a serine/threonine kinase domain, a

guanine nucleotide exchange factor (GEF-H1) interaction domain (GID) and proline-rich

regions. Zebrafish pak4 and other group II members were found to be more divergent from

their human orthologs (52–65% sequence identity) compared to the group I PAKs (80–86%

sequence identity).

Mammalian PAK4 expression has been reported to be ubiquitous, with highest abundance in

prostate, testis and colon, and has been detected in mouse embryos as early as embryonic

day 7 (Abo et al., 1998; Qu et al., 2003). We used quantitative RT-PCR (Fig. 1B) and

traditional RT-PCR assays (not shown) to measure pak4 transcripts at various stages of

development. Both methods revealed high levels of pak4 mRNA at cleavage through early

epiboly stages, followed by a rapid decline during gastrulation to a much lower and

relatively constant abundance throughout subsequent development. Whole-mount in situ

hybridization (Fig. 1C) revealed that the maternal pak4 mRNA was uniformly distributed at

early stages. This continued through 10–14-somite stages. At late somite stage (Fig. 1C, 20s)

elevated pak4 mRNA was observed in the developing tail somites, with a gradient fading

towards the anterior. This pattern persisted through 24 hpf. Thus, in the zebrafish embryo

pak4 expression is predominantly maternal, and, as in mammalian species, zygotic

expression is ubiquitous, although not uniform. To detect zebrafish pak4 protein, we

generated a specific anti-peptide antibody (Section 2). To avoid interference from abundant

co-migrating yolk proteins, pak4 protein was first immunoprecipitated from detergent

lysates, then detected by western blot. pak4 Protein was first detectable at high stage,

reaching a maximum at shield stage that was maintained through 24 hpf (Fig. 1D). Thus

maternal pak4 mRNA appears not to be translated until after cleavage stages.

3.2. pak4 Loss of function analysis

Synthesis of pak4 protein was inhibited in embryos by injection of antisense morpholino

oligonucleotides (MOs). Splicing of zygotic transcripts was inhibited by using MOs (MO-1

and MO-2) (Fig. 2A), Combined maternal and zygotic pak4 expression was suppressed

using a translation-blocking MO (MO-3) targeting a site upstream from the initiating

methionine codon (Fig. 2B). Two splice MOs were necessary because MO-1, which targeted

the splice donor site of exon 4, uncovered a cryptic splice donor site located 33 nucleotides

upstream, which would have resulted in an in-frame deletion of 11 amino acids. This

corresponded to a highly variable region and could have resulted in a functional protein. A

similar phenomenon of uncovering a cryptic site by MO was also previously observed in

fgf8 knockdown (Draper et al., 2001). A second splice MO (MO-2) was thus designed to

target the cryptic site. Using both splice MOs in combination resulted in formation of an

abortive mRNA processing product with stop codons in all three frames. There is no

evidence that this abortive RNA is exported to the cytoplasm or translated, but even if it

were, the resulting protein would be truncated at amino acid 282, which would eliminate the

kinase domain and would thus be likely to represent a loss of pak4 function. The splice MOs

were highly effective in preventing pak4 mRNA processing, which enabled visualization of

maternal pak4 RNA decay via RT-PCR. As shown in Fig. 2C, maternal transcripts were
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reduced but could be detected at the tailbud stage (300-bp band; TB, S lane), and had

disappeared by the 5-somite stage, leaving only the abortive splice product resulting from

zygotic expression (600 bp). This pattern persisted until 5 days post fertilization (dpf),

indicating that the block to zygotic pak4 expression extended through all embryonic stages.

By 7 dpf, spliced zygotic transcripts became detectable and reached a significant fraction of

control levels by day 10 (data not shown). Immunoprecipitation/western analysis confirmed

the loss of pak4 protein in MO-injected embryos at 24 hpf, although the splice MOs alone

were ineffective at shield stage, presumably due to the predominance of maternal mRNA at

that time (Fig. 2D).

3.3. Maternal, but not zygotic, pak4 expression is required for normal development

Embryos injected with the combined splice MOs developed normally through larval stage,

compared to embryos injected with an identical dose of control MO (5 dpf; 100%, n = 84;

Fig. 2E, columns 1 and 2). We observed no morphological effects, nor was there any

evidence of abnormal behavior or locomotion (data not shown). These results conflicted

with findings by (Fiedler et al., 2011), who reported vascular defects in zebrafish embryos

injected with a splice-blocking morpholino targeting pak4 exon 5. The reason for this

discrepancy is unclear, although we did observe similar vascular defects using combined

translation/splice-blocking MOs (Fig. S1). In contrast to the splice-blocking MO

experiments, when the translation-blocking MO was injected, development was severely

perturbed. This result was obtained with the translation-blocking MO injected alone, but the

severity and frequency were slightly higher when injected along with the pair of splice MOs,

presumably due to incomplete inhibition by individual MOs (Fig. 2D). In the experiments

shown in this paper, the splice + translation-blocking MO combination was used, referred to

as MZpak4 knockdown. As can be seen in Fig. 2E (column 3), morphant embryos appeared

normal through shield stage, but showed obvious defects by 24 hpf, including reduced head

and tail size and kinked body axis. Further disruptions in morphogenesis continued at later

stages, including axis defects, small heads and eyes, loss of lateral line neuromasts, edema,

misshapen somites, and craniofacial cartilage abnormalities. Morphant embryos died by 7

dpf. To test the specificity of these effects, mRNA rescue experiments were performed. The

splice + translation-blocking MO mixture was injected alone or with variable amounts of

synthetic pak4 mRNA which lacked the translation-blocking MO target sequence and was

thus not susceptible to inhibition by the MO. As shown in Fig. 2F, the morphant phenotype

was substantially rescued by co-injection of pak4 mRNA, and was therefore due specifically

to the loss of MZpak4 expression. Nevertheless, developmental defects in MO-injected

zebrafish embryos can in some cases be due in part to off-target or toxic effects that lead to

apoptosis (Gerety and Wilkinson, 2011; Robu et al., 2007). One way to identify such

potential MO artifacts is to co-inject a MO designed to inhibit translation of the p53 protein,

which is required for one of the major pathways of apoptosis. We performed such p53 MO

experiments and found that several aspects of the morphant phenotype were rescued

partially or completely. In some cases, for example the loss of neuromasts, the p53 MO

rescue was more efficient than the pak4 mRNA rescue. Other phenotypes including somite

dysmorphogenesis and disruption of myeloid gene expression, were not altered by the p53

MO. Craniofacial cartilage defects were not rescued by p53 knockdown, but could not be

rescued by pak4 mRNA to a convincing level (data not shown). Mammalian PAK4 has been
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shown to inhibit caspase activity and thus has an anti-apoptotic function (Gnesutta et al.,

2001), raising the possibility that some aspects of the MO phenotype might be due to

enhancement of embryonic cell death. In this report we have focused on defects in

myelopoiesis, which were rescued by pak4 mRNA injection and also p53-independent.

MZpak4 function in specification of somites and other tissues will be addressed in separate

studies.

3.4. Requirement for maternal pak4 expression in hematopoiesis

In order to identify more specific molecular targets corresponding to the MZpak4 morphant

phenotype, we carried out in situ hybridization with a collection of probes for tissue-specific

gene expression at various stages from gastrulation to 24 hpf. Most of these markers

appeared to be unaffected (data not shown), but we observed a striking reduction of the

hematopoietic regulatory factor gata2a in the posterior blood island (PBI, Fig. 3A and B) at

24 hpf, leading us to investigate the possibility that aspects of hematopoiesis in zebrafish

might depend on maternal pak4 expression. Blood and vascular development takes place in

two phases: primitive hematopoiesis which provides the embryo with blood cells and

vessels, and definitive hematopoiesis that serves this purpose later in development and in the

adult animal (Bertrand and Traver, 2009; de Jong and Zon, 2005). In zebrafish primitive

hematopoiesis begins at the early somite stage, and is restricted to two spatial domains:

anterior and posterior hematopoietic lineages arising from the lateral plate mesoderm. The

anterior domain gives rise to the rostral blood island (RBI) and is the primary site for

formation of myeloid cells. The posterior domain converges at the midline to form the

intermediate cell mass (ICM) as bilateral stripes in the trunk. At this site hemangioblasts

arise, some of which differentiate into endothelial cells that form the vasculature, and others

that give rise to erythrocytes and the other circulating blood cells, including myeloid

derivatives granulocytes and macrophages (Bertrand and Traver, 2009; de Jong and Zon,

2005; Metcalf, 2007).

The basic HLH gene scl (stem cell leukemia; also named Tal-1; (Liao et al., 1998) is

expressed in both hematopoietic domains, corresponding to the myeloid lineage in the

anterior and erythroid and endothelial lineages in the posterior. Loss of MZpak4 expression

also strongly inhibited scl expression in the anterior domain but had no effect on expression

in the posterior at 5–7-somite stages (Fig. 3D–I). Expression of both scl in the anterior and

gata2a in the posterior domain was restored by co-injection of pak4 mRNA (Fig. 3C, F, I;

S2), suggesting a requirement for maternal pak4 in myelopoiesis. This was tested by

measuring expression by QPCR of mpo (myeloperoxidase), and l-plastin (lymphocyte

cytosolic plastin) as markers for granulocytes and leukocytes, respectively (Bennett et al.,

2001; Lieschke et al., 2001; Meijer et al., 2008). As shown in Fig. 3J, both markers were

strongly reduced in the MZpak4 morphants. This appeared to be due to a reduction in the

number of expressing cells, as shown by in situ hybridization (Fig. S3), indicating a failure

to form these major myeloid derivatives. To test for effects of MZpak4 depletion on other

hematopoietic lineages, we monitored expression of gata1a and hbbe3 (hemoglobin β

embryonic 3), two markers for erythropoiesis, and found no difference between control and

MZpak4 morphants (Fig. 4). We conclude from these results that maternal pak4 expression

is required specifically for primitive myelopoiesis but not erythropoiesis in the zebrafish.
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The developmental control of hematopoiesis has been studied extensively, and several

components of a regulatory gene network have been identified (Berman et al., 2005; de Jong

and Zon, 2005). The ets1, etsrp1 and fli1a/b genes encode ETS-class transcription factors

that function at or near the top of this hierarchy, upstream from scl (Liu et al., 2008a; Pham

et al., 2007; Ren et al., 2010). Expression patterns of fli1a, etsrp1 and ets1 were not reduced

by MZpak4 knockdown at 5–15-somite stages (Figs. 5A, C, D). However, expression of

fli1b in the posterior domain, and etsrp1 in the rostral domain were transiently enhanced at

the 5-somite stage (Fig. 5B and C). We also examined expression of flk1, which encodes the

receptor for VEGF (Habeck et al., 2002). This was markedly inhibited, in both the rostral

and posterior domains (Fig. 5E). This could be a result of the inhibition of scl in the RBI

(Patterson et al., 2005), but not in the ICM, since as discussed above, MZpak4 knockdown

does not inhibit scl in the latter region. Thus we observe both increased and decreased

expression of hematopoietic regulatory factors, in both domains, resulting from the loss of

MZpak4.

What could be the basis for these changes? Although we did not observe wholesale

alteration in the pattern of gene expression at later stages, it seemed possible that loss of

maternal pak4 might lead to disruption of gastrulation, as has been reported in Xenopus

(Faure et al., 2005), or in early cell–cell signal transductions mechanisms such as MAPK

signaling (Cammarano et al., 2005), which could lead indirectly to disruption of the

hematopoietic regulatory hierarchy. To test these possibilities, we used in situ hybridization

with appropriate probes to monitor convergent extension movements and the induction and

patterning of neural plate, neural crest, and anterior development, of which depend on

multiple signaling pathways during and shortly after gastrulation in all vertebrate embryos.

As shown in Fig. 6, early patterning in MZpak4 knockdown embryos was normal. Extension

and convergence of axial mesoderm, judged by the distance from the rostral end of the

notochord and the anterior neural plate and the width of the notochord (detected by

expression of ntl and dlx3b; Fig. 6A and B) was unaffected, as was the level and pattern of

expression of sox2 (neural plate; Fig. 6C), hgg1 (hatching gland, an anterior marker; Fig.

6D), and sox10 and snai1b (neural crest; Fig 6E and F). We also examined expression of

mpo in embryos homozygous for the ppt mutation (pipetail, wnt5a), which have convergent

extension defects due to disruption of the non-canonical Wnt pathway (Westfall et al.,

2003), and scl expression in casta56 (casanova; sox32) mutant embryos which fail to

differentiate endoderm (Fig. S4). No difference was observed compared to control embryos

in any of these comparisons. We conclude that in zebrafish MZpak4 is not required for the

signaling pathways leading to embryonic axis formation and patterning, and is therefore

likely to be a specific factor in primitive myeloid cell differentiation.

3.5. Cytoskeletal-transcriptional Linkage

The major, although not exclusive, function of pak4 is a regulator of cytoskeletal dynamics,

particularly of microfilaments, suggesting a possible link between cytoskeleton and

transcriptional control of myelopoietic regulatory factors. To test this hypothesis we treated

embryos at the tailbud stage with cytoskeletal disruption agents, then monitored scl

expression by in situ hybridization at 5–6 somite stage. This time window was selected

because treatment at earlier stages led to gastrulation failure (Solnica-Krezel and Driever,
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1994; Zalik et al., 1999), and scl expression is first reliably detectable at 5 somite stage.

Treatment with anti-microtubule drugs nacodazole and taxol caused some morphological

defects but did not alter the scl expression pattern (data not shown). In contrast, the actin

depolymerizing agents cytochalasin B and latrunculin B resulted in a selective inhibition of

scl expression in the rostral hematopoietic domain, similar to what we observed in the

MZpak4 knockdown embryos (Fig. 7). Therefore, we conclude that microfilament integrity

between tailbud and 5-somite stage is necessary for the expression of specific regulatory

genes required for primitive myeloid cell differentiation, and that this depends on maternal –

but not zygotic – expression of pak4.

4. Discussion

Since its initial identification in 1998 by Minden and colleagues (Abo et al., 1998) as an

effector of Cdc42 signaling, PAK4 has been linked to a multitude of cellular and

developmental functions, most involving, either directly or indirectly, the regulation of

cytoarchitecture and cell movement, but also apoptosis and signal transduction (Barac et al.,

2004; Gnesutta et al., 2001; Li and Minden, 2005; Liu et al., 2010, 2008b). It is thus not

surprising to find that loss of pak4 expression during early development leads to disruption

of multiple cells and tissues in the zebrafish embryo. Targeted disruption of PAK4 in mouse

also resulted in a complex lethal phenotype (Qu et al., 2003). Interestingly, this included

deficient vascularization of extraembryonic tissue, probably resulting from primary defects

in the pak4−/− embryo (Tian et al., 2009). Fiedler et al. (2011) reported vascular defects in

pak4 morphants, and we observed a similar phenotype in MZpak4 knockdown embryos

(Fig. S1). However, we saw no such defects, or indeed any defects whatsoever, in splice-

inhibited morphants. We cannot provide a definitive reason for this discrepancy, although it

is worth noting that our splice-blocking MO virtually eliminated both pak4 mRNA and

protein by 24 hpf. Additional experiments will be necessary to resolve this issue, preferably

based on some methodology other than MO treatments, for example, gene targeting.

Furthermore, the vascular defects in MZpak4 morphants could be attributable to the

alterations in hematopoietic regulators we observed, but we cannot exclude the possibility

that these vessel defects were secondary to morphological disruption of the somites, through

which these vessels must navigate (Clements et al., 2011; Lawson et al., 2002). In this

context it would be interesting to examine myelopoiesis in the PAK4 knockout mouse, and

expression of the mouse homologs of the hematopoietic regulatory genes we found to be

disturbed in the fish (i.e. scl, fli1b and flk1). Loss of function experiments with pak4 have

also been carried out in Xenopus (originally named pak5; we use the designation pak4 for

this gene, see Fig. 1A). In this earlier work, overexpression of a kinase-dead mutation of

pak4 was employed as a dominant-negative inhibitor of endogenous pak4 (Faure et al.,

2005). Gastrulation movements were abnormal, and cell adhesion was also affected, but

there are few obvious parallels with zebrafish or mouse loss of function phenotypes. To

some extent this could be due to the dominant negative strategy: since some pak4 functions

are kinase-independent, over-expression of a kinase dead mutant might result in a

combination of loss and gain of functions, complicating interpretation. Morpholino

knockdown of Xenopus pak4 has not been reported, so this remains an open question.
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In spite of the abundance of maternal pak4 mRNA in the zebrafish egg, we did not anticipate

that zygotic pak4 expression would be dispensable. Maternal effect genes are defined by

mutations (or other loss of function) in which the phenotype depends on the egg but not on

the zygotic genotype. This phenomenon is most commonly found in species with mosaic

development, such as many insects and invertebrates, in which there is differential

inheritance of egg cytoplasmic determinants during cleavage that leads to specific

developmental fates. Maternal effects are also known in vertebrates, however, where they

tend to affect fertility and early cleavage [for a recent review see (Lindeman and Pelegri,

2010)]. Vertebrate maternal effect phenotypes involving later developmental processes are

less common but have been identified. The pak4 splice-blocking MOs prevented processing

of zygotic pak4 transcripts, leading to a single oversized band detectable by RT-PCR, which

has stop codons in all three reading frames within a few hundred nucleotides of unprocessed

intron sequence (Fig. 2A). Immunoprecipitation/western blotting also indicated essentially

complete loss of pak4 protein by 24 hpf using the splice MOs and at all stages using the

splice/translation-blocking cocktail (Fig. 2D). It is not known if the abortively spliced

mRNA was translated, but even if it were, this would yield a truncated pak4 protein lacking

the entire kinase domain. While it is conceivable that such a shortened protein could retain

some biological activities, it is more likely that the splice MO treatment resulted in an

effective loss of zygotic pak4 function. Since this treatment did not result in any detectable

deficiencies or alterations in development through 10 dpf (Fig. 2E and data not shown), we

conclude that zygotic pak4 expression is dispensable through larval stages. Testing for pak4

function at later stages and in adult fish will require other strategies, such as TILLING

(Moens et al., 2008; Winkler et al., 2011) or gene targeting (Foley et al., 2009; Meng et al.,

2008) to disrupt the pak4 gene. Taken with the predominantly maternal expression of pak4

in development, we conclude that pak4 is a maternal effect gene in zebrafish.

The loss of anterior scl expression would be expected to lead to reductions in macrophages

and other myeloid lineages (Sumanas et al., 2008). Likewise, loss of granulocytes can be

partially attributed to reduced scl in the rostral domain, but the granulocytic lineage also

originates from the posterior domain where scl was not affected. In this region, inhibition of

gata2a expression in MZpak4 morphants (Fig. 3A–C) could be responsible. The lack of an

effect on posterior scl expression is consistent with the apparently normal primitive

erythropoiesis of MZpak4 morphants, since this process is limited to the ICM, which derives

from the posterior domain (Davidson and Zon, 2004). The lower expression of the

endothelial marker flk1 also points to defects in both the rostral and posterior domains (Fig.

5), and as with the myeloid markers, loss of anterior flk1 could be attributed to loss of scl,

but something else must be responsible for the posterior reduction. Thus maternal pak4

expression is likely to be required at multiple points in the primitive myeloid cell regulatory

program.

The myeloid defects in MZpak4 were presumably due to pak4 functions occurring at or

before the 5-somite stage when the maternal pak4 mRNA decay was complete. The major

hematopoietic regulatory genes have been activated by this stage, consistent with a role for

pak4. How could the loss of maternal pak4 yield the observed effects on blood

development? Numerous functions have been assigned to PAK4 in mammals, involving
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control of cytoarchitecture, cell shape and motility, signal transduction and apoptosis (Abo

et al., 1998; Barac et al., 2004; Callow et al., 2002, 2005; Cammarano et al., 2005; Dan et

al., 2001; Liu et al., 2010; Paliouras et al., 2009; Wallace et al., 2010; Wells et al., 2010).

However, aberrant cell migration is unlikely to be the basis for the observed myeloid

deficiencies, since the spatial expression pattern of several hematopoietic regulatory genes

was not affected in either rostral or posterior domain. Likewise, a direct effect on major

signal transduction pathways in the early embryo would be difficult to reconcile with the

normal pattern of gastrulation and associated gene expression observed in MZpak4

morphants at stages prior to when the myeloid deficiencies arise (Fig. 6).

In recent years it has become clear that the cytoskeleton and cell–cell adhesion molecules

play regulatory as well as structural roles. For example, actin subunits can act as cofactors

for transcriptional regulation via MRTF (myocardin-related transcription factor) and SRF

(serum response factor), linking the transcription of a specific set of target genes to the

polymerization state of the microfilament network, which is to a major extent regulated by

Rho GTPase signaling mediated by PAK factors, including PAK4 (Olson and Nordheim,

2010). The observation that actin depolymerization drugs could partially phenocopy the

effect of MZpak4 knockdown (i.e. scl expression in the RBI) suggests that a mechanism

based on microfilaments could be involved in regulating myeloid gene expression. There are

several candidates for how such a linkage could be accomplished. For example, the group II

PAKs have been found to bind directly and phosphorylate p120-catenin (Wong et al., 2010),

which functions as an adherens junction component in the cadherin complex and modulates

Rho GTPase signaling and thus cytoskeletal organization (Stepniak et al., 2009). In

Drosophila, a PAK4 ortholog, Mbt, phosphorylates the armadillo/β-catenin protein,

affecting adherens junction stability in the eye (Menzel et al., 2007, 2008; Schneeberger and

Raabe, 2003). p120-catenin also has a role in modulation of MAPK and NFκB signaling, as

shown in p120-catenin deficient mice in which the ectopic activation of these two pathways

was observed in epidermis (Perez-Moreno et al., 2006, 2008). Thus there are multiple

mechanisms by which PAK4 might influence gene expression in myelopoiesis by virtue of

its function as a cytoskeletal regulator.

It was surprising to find that the essential functions of pak4 in zebrafish appear to be

exclusively maternal, i.e. zygotic expression of this gene seems dispensable. Gene

redundancy conceivably could explain the lack of phenotype in splice morphants, but such

potentially compensating factors must be absent at early stages, leading to the MZpak4

morphant phenotype. It is also remarkable that loss of pak4 expression had such specific

effects on gene activity in myeloid development, as opposed, for example to the migratory

or morphogenetic effects that have been previously associated with this gene (Faure et al.,

2005; Fiedler et al., 2011; Qu et al., 2003; Tian et al., 2009). Understanding how actin

dynamics, mediated by maternal pak4, participates in the control of myeloid gene expression

will be an important problem for future investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Identification and expression of pak4 in zebrafish embryos. (A) Phylogeny of the pak

family. Putative protein sequences of the kinase domains of human (h), mouse (m) and

zebrafish (z) PAKs were analyzed using ClustalW (http://clustalw.genome.jp/). Results are

shown as a dendrogram with branch length indicating divergence. PAK5 proteins were also

named as PAK7 in Genbank and EnsEMBL databases. Genbank Accessions or EnsEMBL

Gene IDs (Zv9): humanPAK1, NM_001128620; humanPAK2, NM_002577; humanPAK3,

NM_001128166; humanPAK4, NM_005884; humanPAK5, NM_020341; humanPAK6,
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NM_020168; mousePAK1, NM_011035; mousePAK2, NM_177326; mousePAK3,

NM_008778; mousePAK4, NM_027470; mousePAK5, NM_172858; mousePAK6,

NM_001033254; zfPAK1a, ENSDARG0000004 2624; zPAK1b, NM_201328; zPAK2a,

NM_001002717; zPAK2b, NM_001025456; zPAK4, NM_001002222; zPAK5,

NM_212962; zfPAK6a, ENSDARG00000027564; zPAK6b, NM_001162487. Zebrafish

PAK4 is indicated in red. (B) Quantitative analysis of zebrafish pak4 expression in

development. Quantitative RT-PCR was carried out with total RNA (800 ng) extracted from

specific embryonic stages and analyzed for pak4 expression. Maternal pak4 mRNA levels

rapidly declined between 30% epiboly and shield stages, then remained approximately

constant through 24 hpf. Results shown were collected from three individual experiments.

(C) Whole-mount in situ hybridization for pak4. Stages are as indicated. 4/8-cell stage –

animal pole view, others are lateral view. Signals at and after 30% epiboly were relatively

weak and hence staining of these samples for alkaline phosphatase activity was prolonged.

A higher magnification of the tail of the 24 hpf embryo is shown to highlight elevated

expression in newly formed somites. (D) Immunoprecipitation/western analysis. Total

soluble protein was isolated from embryos at multiple stages, immunoprecipitated and

prepared for western blotting as described in Section 2. Equal numbers of embryos were

used for each sample, which was confirmed by BCA protein assays. Ponceau S staining of

the IgG heavy chain band (IgG) is shown below as a control for immunoprecipitation

recovery.
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Fig. 2.
Loss of function analysis. (A) Splice-blocking MO design. The sequences of MO-1 and

MO-2 and their target sites at the 3′-end of pak4 exon 4 are shown. Two MOs were

necessary for complete knockdown due to the unmasking of a cryptic splice donor. F1, R1

and R2 refer to PCR primers used to monitor splicing (see Section 2). The red arrows

indicate the positions of in-frame stop codons in the abortively spliced mRNA. (B)

Translation-blocking MO of the indicated sequence targeting a site upstream from the start

codon (black circle). (C) RT-PCR analysis of splice-blocking. Embryonic RNA from the

indicated stages was isolated after injection of the control MO (ctl) or combined splice-

blocking MOs (S) and used as template for PCR. The 300-bp PCR product was amplified by

the primer pair F1 + R2 and represents the correctly spliced pak4 mRNA, while the 600-bp

product (primers F1 + R1) represents the abortively spliced mRNA. The 600-bp product

appeared at tailbud stage (TB), indicating pak4 transcription from the zygotic genome. At

this stage the 300-bp product had declined in splice-inhibited embryos and had disappeared

by the 5-somite stage (5s). This pattern persisted through the final stage tested, 5 dpf. As a

positive control a fragment of β-actin was amplified in the corresponding samples. (D) MO

effectiveness. Pak4 protein was detected by immunoprecipitation/western blotting from

equal numbers of embryos injected with the splice MOs (S; MO-1, MO-2) or a mixture of

splice- and translation-blocking MOs (M; MO-3), or from uninjected embryos (U). Equal

protein input for immunoprecipitations was confirmed by BCA assays. At shield stage the

splice MOs reduced pak4 partially, while the splice + translation-blocking mixture had a

much stronger effect. Both treatments gave essentially complete inhibition at 24 hpf,

although some residual pak4 protein was detected in the splice morphants. Ponceau S
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staining of the IgG heavy chain band (IgG) is shown below as a control for

immunoprecipitation recovery. (E) Representative embryos at various stages injected with

control (Ctl), splice-blocking MOs (Splice; 1.5 + 1.5 ng), or a combination of the

translation- (3 ng) and splice-blocking (1.5 + 1.5 ng) MOs (Splice + MO-3). Only the latter

showed disrupted morphology, as observed at 24 hpf and steadily worsening through 5 dpf.

Scale bar, 250 μM. (F) Summary of pak4 mRNA rescue data at 24 hpf. Morphant embryos

were classified as normal, moderate (bent axis, small head and eyes), or severe (kinked and

shortened axis, small head and eyes, unidentified forebrain and hindbrain, or missing head

and tail – “monster”). The proportion and severity of affected embryos were both decreased

substantially by co-injection of 900 pg pak4 mRNA.

Law and Sargent Page 20

Mech Dev. Author manuscript; available in PMC 2014 August 14.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 3.
pak4 is required for primitive myelopoiesis. (A–C) Inhibition of gata2a expression by

MZpak4 knockdown in the posterior blood island (red arrows) in 24-hpf embryos. (D–I)

Inhibited expression of the hematopoietic regulatory factor scl in the rostral blood island

(RBI; red arrows) at 5-somite stage, lateral view (D–F) and 7-somite stage flatmounts (G–I).

(A, D and G) Control morphants, (B, E and H) MZpak4 knockdown embryos. (C, F and I)

MZpak4 knockdown embryos rescued by pak4 mRNA injection. (J) Relative expression

levels of scl in anterior and posterior regions at 5-somite stage, l-plastin at 15-somite and

mpo at 20-somite stages. mRNA levels were measured by QPCR, normalized to 18S rRNA

levels and represented as a ratio to the corresponding uninjected control embryos. Samples

for anterior and posterior measurement of scl were dissected across the axis as shown while

those for l-plastin and mpo were from whole embryos. Results shown are representatives

from two individual experiments with similar results.
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Fig. 4.
Primitive erythropoiesis is not affected by pak4 knockdown. Two specific markers for

erythroid precursors, gata1a and hbbe3 in the posterior blood lineage and intermediate cell

mass were unaffected by pak4 MO injection at 15-somite (A and B) or 24 hpf (C–F).
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Fig. 5.
Regulatory level of pak4 function. Flat mounts of in situ hybridization for ETS class

transcription factors fli1a (column A) and fli1b (column B), etsrp1 (column C) and ets1

(column D), and the VEGF receptor flk1 (column E) reveal different dependence on pak4.

Expression of the ETS transcription factors was not inhibited at any stage tested, however,

expression of fli1b was transiently elevated at in the posterior domain, and etsrp1 in the

rostral domain at the 5-somite stage (B and C; red arrowheads). flk1 Expression was reduced

in both the anterior and posterior hematopoietic domains (E; red arrowheads). Frequency

data are tabulated in (F).

Law and Sargent Page 23

Mech Dev. Author manuscript; available in PMC 2014 August 14.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 6.
MZpak4 knockdown did not disturb early signaling pathways. (A and B) Convergent

extension: double in situ hybridization with dlx3b and ntl probes was performed to outline

the neural plate border and notochord at 3-somite stage. Dorsal view of anterior (A) and

trunk (B) regions. The distance between dlx3b and the leading edge of ntl expression

indicates extension (red line in A) while the width of ntl (red arrowheads in B) indicates

convergence. The patterns in MZpak4 knockdown (bottom) are comparable to control

embryos (top), indicating normal convergent extension in gastrulation. (C–F) Early markers

for neural plate (sox2; C), hatching gland (hgg1; D) and neural crest (sox10; E and snai1b;

F) were unaffected in pattern or intensity by MZpak4 knockdown (bottom embryos)

compared to controls (top). Embryos were 12 somite stage in panel D, 3 somite stage in the

other panels.
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Fig. 7.
Disruption of actin microfilaments leads to loss of scl expression in the RBI. Dechorinated

embryos at tailbud stage were exposed to cytochalasin B (4 μg/ml) or latrunculin B (0.25

μg/ml) and fixed at 5–6 somite stage for whole-mount in situ hybridization using the scl

gene probe. 30–40% Mortality was observed in all drug exposures due to rupture of the

enveloping layer at variable times. Dead embryos were not analyzed further. Flat mounts of

representative embryos from cytochalasin B exposure (A– C; normal, posterior expression

only, no expression) and DMSO control (D) were prepared to show the anterior and

posterior expression of scl. (E) Data were summarized from four independent experiments

which show that the majority of embryos specifically lost the anterior scl expression after

drug treatments. Posterior-specific loss of expression was never observed.
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