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primary neurogenesis in Xenopus laevis

Jacob Souopgui'?, Marion Sélter' and
Tomas Pieler'?

nstitut fiir Biochemie und Molekulare Zellbiologie,
Georg-August-Universitidt Gottingen, Humboldtallee 23,
D-37073 Géttingen, Germany and “Department of Biochemistry,
Faculty of Science, University of Yaoundé I, PO Box 812,
Yaoundé, Cameroon

3Corresponding author
e-mail: tpieler@gwdg.de

We have isolated the Xenopus p21-activated kinase 3
(XPak3) by virtue of its expression in the territory of
primary neurogenesis in the developing embryo.
XPak3, but not the other Pak variants, responds posi-
tively to X-Ngnr-1 and negatively to X-Notch-1. A
constitutively active form of XPak3, generated by
fusing a myristylation signal to the N-terminus
(XPak3-myr), induces early cell cycle arrest at high
concentrations, while ectopic expression of low
amounts induces premature neuronal differentiation.
Conversely, XPak3 loss of function achieved by use of
an antisense morpholino oligonucleotide increases cell
proliferation and inhibits neuronal differentiation;
this phenotype is rescued by co-injection of XPak3-
myr. We conclude that XPak3 is a novel member of
the proneural pathway, functioning downstream of
neurogenin to withdraw neuronally programmed
cells from the mitotic cell cycle, thus allowing for their
differentiation.

Keywords: cell cycle regulation/neurogenesis/Xenopus
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Introduction

Early neural development in the vertebrate embryo is
viewed as progressing in four major steps: competence,
specification, commitment and differentiation. Experi-
mental observations made with amphibian embryos over
the past century have led to a model for neural induction
that, in its most simplistic version, relies primarily on the
secretion of inhibitory signals from the Spemann organizer
that counteract bone morphogenetic protein (BMP)
signalling (reviewed in Hemmati-Brivanlou and Melton,
1997; Sasai and DeRobertis, 1997; Harland, 2000; Wilson
and Edlund, 2001).

The gene network that leads to neuronal differentiation
is governed by a basic helix—loop-helix (bHLH) tran-
scription factor, referred to as neurogenin-related-1
(X-Ngnr-1) in Xenopus laevis (Ma et al., 1996). This
protein activates a cascade of downstream events that
includes the transcriptional activation of a set of genes
equally encoding transcription regulators that are best
defined as differentiation factors; these differentiation
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factors, such as X-NeuroD (Lee et al., 1995), X-MyT1
(Bellefroid et al., 1996) and Xebf3 (Pozzoli et al., 2001),
are involved in the regulation of marker genes for
differentiation, such as N-tubulin (Oschwald et al.,
1991). This cascade of reactions, referred to as the
proneural pathway, is antagonized by the neurogenic
pathway that is governed by Delta/Notch signalling in a
process known as lateral inhibition (Coffman et al., 1990;
Chitnis et al., 1995; Chitnis and Kintner, 1996; Lamar
et al., 2001). Therefore, only cells that express higher
levels of proneural gene activity than their neighbours
enter a neuronal fate (Van Doren et al., 1992).
Interestingly, it has been demonstrated more recently
that neuronal fate is promoted by neurogenin at the
expense of glial fate and it has been proposed that Notch
signalling may thus exert an instructive activity with
respect to glial cell differentiation (Tomita et al., 2000;
Sun et al., 2001).

Much less is known about the molecular mechanisms
that link withdrawal from the mitotic cell cycle and the
activity of cell fate determination/differentiation factors.
In Xenopus, spatial and temporal patterns of cell cycle
activities during early embryogenesis define the neural
plate as an area of increased proliferative activity as
compared with the non-neural ectoderm (Saka and Smith,
2001), raising the question as to how the developing
neurons withdraw from the cell cycle in order to sustain
neuronal differentiation. Early observations on Notch
signalling had already indicated that deregulated Notch
activity results in a prolonged proliferative phase within
the anterior neural plate (Coffman et al., 1993). However,
the molecular events responsible for this effect have not
been elucidated. Rather, more recent studies have identi-
fied a regulatory circuit that is involved in proliferation
control within the neural plate, but which does not seem to
be linked directly to Notch signalling. XBF-1, an anterior
neural plate-specific winged helix transcription factor, has
been reported to promote proliferation of neuroectodermal
cells at a high dose, while lower doses inhibit ectodermal
proliferation and induce neural cell fate. The effect of
XBF-1 on cell proliferation seems to be mediated by the
cyclin-dependent kinase (Cdk) inhibitor p27XI€!, which is
a direct target gene for XBF-1 (Hardcastle and Papalopulu,
2000). p27XIC! previously had been demonstrated to exert
a function in cell fate determination in the retina;
overexpression of p27XIC! in retinoblasts increases the
number of Miiller glial cells at the expense of bipolar
neurons, while its inhibition reduces the number of Miiller
glial cells (Ohnuma et al., 1999). However, expression
characteristics of both XBF-1 and p27XC! are not
compatible with their functioning as cell cycle regulators
in the context of primary neurogenesis. Thus, if and how
neurogenin is linked to proliferation control still remains
to be defined.
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Fig. 1. XPak3 sequence analysis. The XPak3 protein sequence, as predicted from the cDNA, was aligned with the murine (m) and human (h) ortho-
logues, as well as with the two other Xenopus variants, XPak1 and XPak2 (Bagrodia et al., 1995; Faure et al., 1997; Allen et al., 1998; Cau et al.,
2000). Dashes represent identical amino acids while dots indicate the absence of amino acids. The kinase domain is shaded in grey. The Cdc42/Racl-
interacting binding (CRIB) domain is indicated and partially overlaps with the autoinhibitory domain (AID) indicated in bold. The proline-rich motifs
(PXXP and PRM), specific for Nck and Pix interactions, are boxed. The G-B/y-binding domain (Gbg) is conserved at the C-terminal edge. The

percentages of sequence identity and similarity are indicated.

Accordingly, we report here our findings on the p21-
activated serine/threonine kinase 3 in X.laevis (XPak3).
Paks serve as G-protein-activated downstream effectors
that have been implicated in modulating the actin cyto-
skeleton, as well as activating the MAP kinase pathway
(Daniels and Bokoch, 1999; Dan et al., 2001). We describe
that XPak3 is expressed during primary neurogenesis in a
pattern that is comparable with neuronal differentiation
markers, such as N-tubulin, and that it is readily induced by
ectopic neurogenin. We further show that ectopic acti-
vation of XPak3 in Xenopus embryos leads to cell cycle
arrest and to premature neuronal differentiation in a dose-
dependent manner. Conversely, inhibition of XPak3 by use
of a specific morpholino antisense oligonucleotide results
in increased cell proliferation, as well as in an inhibition of
neuronal differentiation within the territory of XPak3
expression. On the basis of these findings, we propose that
XPak3 regulates cell cycle withdrawal in the context of
primary neurogenesis in Xenopus.

Results

Cloning and expression of XPak3
X-Ngnr-1, X-MyT1 and N-tubulin share a characteristic
pattern of expression at the open neural plate stage during
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Xenopus embryogenesis that is defined by three longi-
tudinal stripes on both sides lateral to the dorsal midline
(Bellefroid et al., 1996). Since these genes are all part of
the same intimately linked gene network, they define a
prototype synexpression group (Niehrs and Pollet, 1999).
In an attempt to define novel members of this same
synexpression group, we have screened ~1000 randomly
selected clones from a tadpole stage head cDNA library by
whole-mount in situ hybridization. Clone JS464 is one of
several novel members of this synexpression group
identified. Nucleotide sequence analysis reveals that it
encodes the Xenopus orthologue of the mammalian p21-
activated kinase 3 (XPak3). It is clearly distinct from the
previously known XPak1 (Faure et al., 1997) and XPak2
(Cau et al., 2000), and most closely related to murine and
human Pak3 (Figure 1). Characteristically, this family of
kinases contains a conserved regulatory domain in the
N-terminal portion, as well as a catalytic domain in the
C-terminus (Manser et al., 1994). The proline-rich motif
(PXXP), located at the N-terminal edge (Figure 1), has
been reported to mediate Pak—Pix—G-protein complex
anchorage to the plasma membrane through interaction
with the Nck protein (Bokoch ef al., 1996; Lu et al., 1997).
The Cdc42/Racl-interacting binding (CRIB) motif, cover-
ing the region from amino acid 70 to 88, includes a



dimerization motif between amino acids 81 and 87 (Lei
et al., 2000). Following these domains, XPak3 has a
conserved 15 amino acid insertion. An autoinhibitory
domain (AID), partially overlapping with CRIB (Figure 1),
was found to inhibit Pak in trans (Frost et al., 1998).
C-terminal to this domain, an acidic domain (ED) with an
as yet unknown function is followed by a proline-rich
motif (PRM) to which the guanine nucleotide exchange
factor PIX binds in a G-protein-dependent manner
(Daniels et al., 1999). At the C-terminus, XPak3 contains
a G-B/y subunit-binding domain (Gbg) (Leeuw et al.,
1998).

Embryonic expression of XPak3 was analysed using
RT-PCR and whole-mount in situ hybridization. The first
method reveals the presence of XPak3 transcripts from the
egg to tailbud stage embryos (not shown). However, by
whole-mount in situ hybridization, XPak3 transcripts
are first detected at late gastrula/early neurula stages
of development within the posterior neuroectoderm
(Figure 2A). Cells expressing XPak3 fall into a pattern
that is reminiscent of the neuron-specific N-tubulin gene,
whose expression marks the territories of primary
neurons (Chitnis et al., 1995). XPak3 expression is
restricted to three groups of cells arranged in a bilaterally
symmetrical pattern on either side of the dorsal midline
of the posterior neural plate. The same pattern of
expression is maintained in later stage neurula embryos,
as the lateral stripes of XPak3-expressing cells extend
along and converge towards the dorsal midline.
Expression of XPak3 in the anterior neural plate starts
at midneurulation (stage 14.5) in the area of the tri-
geminal placodes (Figure 2A, panel 8). At embryonic
stage 16, a second group of XPak3-expressing cells
appears more centrally in a site corresponding to the
presumptive brain (Figure 2A, panel 9). In contrast to the
known marker genes of neurogenesis, XPak3 is strongly
expressed in the cement gland, starting at embryonic stage
17 (Figure 2A, panel 10). During tailbud and tadpole
stages of development, XPak3 transcripts are found in the
entire central nervous system. In the neural tube, X-Ngnr-1
and XPak3 exhibit predominantly complementary patterns
of expression. While XPak3 is localized in the subven-
tricular and marginal zones, X-Ngnr-1 expression defines
the proliferating cells of the ventricular zone. Furthermore,
the XPak3 expression territory includes the N-tubulin-
expressing, differentiated cells of the outer margin
(Figure 2B). Thus, the pattern of XPak3 expression in
the neural tube already suggests that this kinase may have
a function downstream of X-Ngnr-1 and upstream of N-
tubulin.

Other members of the Xenopus Pak gene family are
also expressed differentially during development, but
in patterns clearly distinct from that of XPak3. In
neurula stage embryos, XPakl is expressed mainly in
the notochord (Figure 2C, panel 1). During later phases
of embryogenesis, XPakl expression is maintained
in the notochord but also prominently detected in
tissues derived from dorsolateral cranial placodes
(Figure 2C, panels 2 and 5-8; see also Islam et al.,
2000). XPak2 is expressed more ubiquitously in both
early and late stages of Xenopus embryogenesis
(Figure 2C, panels 3 and 4).

XPak3 regulates cell cycle exit during neurogenesis

XPak3 expression is positively regulated by
X-Ngnr-1 and negatively by Notch signalling

As a member of the X-Ngnr-1/X-MyT1/N-tubulin syn-
expression group, XPak3 expression is likely to be
responsive to proneural and neurogenic genes. To address
this question directly, embryos were injected at the two-
cell stage with synthetic X-Ngnr-1 mRNA, along with
LacZ RNA as a tracer, and analysed at the neural plate
stage for XPak3 expression, as well as with X-gal staining
to reveal the distribution of the injected RNAs. The same
type of analysis was carried out with other proneural
regulators such as X-NeuroD, functioning downstream of
X-Ngnr-1 (Lee et al., 1995; Ma et al., 1996), and Xebf3,
functioning downstream of NeuroD (Pozzoli et al., 2001).
The results obtained (Figure 3A) reveal that overexpres-
sion of X-Ngnr-1 or X-NeuroD both strongly activate
ectopic fields of XPak3 expression. In contrast, Xebf3
overexpression induces merely a scattered pattern of a few
ectopic, XPak3-expressing cells, similar to the effects that
have been described for Xebf3 on N-tubulin expression
(Pozzoli et al., 2001). Based on these results, and on the
spatial correlation of X-Ngnr-1 and XPak3 expression
described above, we conclude that XPak3 is part of the
proneural gene cascade, functioning downstream of
X-Ngnr-1, NeuroD and Xebf3.

As a component of the proneural gene network, XPak3
is predicted to be subject to lateral inhibition. To test this,
we examined XPak3 expression in ICD-Notch-injected
embryos (Figure 3A, panels 4 and 5). The results obtained
demonstrate that activation of Notch signalling represses
XPak3 expression, strongly indicating that the scattered
pattern of XPak3 expression is generated by lateral
inhibition. We further tested the regulation of XPak3
transcription by wuse of the animal cap system
(Figure 3B-D). A low level of XPak3, that may reflect
the maternal contribution, is detected in naive control caps.
Injection of X-Ngnr-1 is found to be sufficient to activate
XPak3 transcription. However, unlike with NeuroD, which
is also induced by X-Ngnr-1, the inductive effect on XPak3
expression increases with time (from the equivalent of
stage 13 to the equivalent of stage 15) (Figure 3B),
resembling the temporal increase of N-tubulin expression
(Koyano-Nakagawa et al., 1999) and indicating that
XPak3, just like N-tubulin, is not a direct target of
X-Ngnr-1. Indeed, use of an inducible version of
neurogenin in the presence of a protein synthesis inhibitor
reveals that, in contrast to NeuroD, XPak3 cannot be
activated directly (Figure 3C). We also tested if Notch
signalling is able to repress XPak3 in the presence of
ectopic X-Ngnr-1, as has been found to be the case for
other downstream regulators of the proneural network,
such as X-MyT1 (Bellefroid et al., 1996). The experiment
reveals that ICD-Notch is unable to repress X-Ngnr-1-
induced XPak3 gene transcription in the animal cap system
(Figure 3D). The same results were obtained in animal caps
neuralized by Noggin (data not shown). The other Pak
variants, XPak1l and XPak2, respond neither to X-Ngnr-1
nor to lateral inhibition (Figure 3D). Thus, we conclude
that XPak3, but not other Pak variants, is an indirect
downstream target of X-Ngnr-1 and that its expression is
most likely to be negatively regulated by Notch signalling
via inhibition of X-Ngnr-1 gene transcription.
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Fig. 2. Differential expression patterns of XPak genes during Xenopus development. (A) Spatial and temporal expression of XPak3 was analysed at
different stages (st.) of neurogenesis using whole-mount in situ hybridization. (1-5) XPak3 transcripts are found in three bilateral stripes, lateral (1),
intermediate (i) and medial (m), in the posterior neural plate. Embryos are shown in a dorsal (d) view with anterior up. (6) In a transverse (T) section
of a stage 17 embryo at the level shown in panel 5 (white dotted line), XPak3 transcripts are detectable in the deep layer of the neuroectoderm in
regions corresponding to the medial, intermediate and lateral stripes. Panels 7-10 show the expression in the anterior neural plate; (8) XPak3-express-
ing cells first appear in the trigeminal placode (tp), then (9) in a centrally located, semicircular array corresponding to a ventral area within the
prospective fore-/midbrain where neurons first develop (vfmb) and (10) in the cement gland (cg). (11-14) At later stages of neurogenesis, XPak3 is
expressed in the forebrain (fb), midbrain (mb), hindbrain (hb), retina (r), optic nerve (on), olfactory placode (op), otic vesicle (ov) and cement gland
(cg): (11 and 12) lateral view (1), (13) horizontal (H) section of the head region at the level indicated in panel 12, (14) anterior view (a).
(B) Differential expression of neuronal marker genes in the neural tube of stage 32 embryos. (1) X-Ngnr-1 is expressed in the ventricular zone (vz),
(3) N-tubulin in the marginal zone (mz) and (2) XPak3 in the marginal and subventricular zone (svz). The level of the transverse (T) sections is shown
in (A) panel 12. (C) Expression patterns of XPak1 and XPak2. (1) XPakl transcripts are present in the dorsal midline (dml) and (2 and 5-8) later in
the otic vesicle, mandibular arch (ma), branchial arch (ba), midbrain—hindbrain boundary (mhb), stomodeal-hypophyseal anlage (sha), lateral placode
(Ip), notochord (no) and dorsal foregut (dfg). (3) Early on, XPak?2 is expressed ubiquitously in the neural plate and (4) later the expression becomes
stronger in the brain, eye and tailbud. Embryos are shown in (1 and 3) dorsal view with anterior up and (2, 4 and 5) lateral view. (6-8) Levels of the
transverse (T) sections (T1-3) are indicated in panel 5.

Modulation of XPak3 activities affects mRNA injection had obvious effects neither on the
neuronal differentiation development of the embryos nor on the expression of
The expression pattern of XPak3, as well as its mode of N-tubulin (data not shown). Previous studies on p21-
transcription regulation, suggest that XPak3 may play an activated protein kinases had demonstrated that recruit-
active role during neuronal differentiation in Xenopus ment of human Pak1 to the plasma membrane leads to up-
embryos. However, misexpression of XPak3 by means of regulation of its kinase activity (Lu and Mayer, 1999).
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Similarly, in Drosophila, localization of the XPak3
homologue to the cell membrane by artificial myristylation
was found to be sufficient to activate its kinase function
constitutively (Hing et al., 1999). Accordingly, we gener-
ated a membrane-anchored version of XPak3, termed
XPak3-myr, by fusion of a myristylation signal to the
N-terminus of the wild-type protein. Microinjection of low
doses of the mRNA encoding this construct has no overt
effect on the morphology of the embryos, but results in
specific consequences for the expression of neuronal
marker genes. As shown in Figure 4A, panels 1 and 2,
microinjection of up to 10 pg of XPak3-myr mRNA
enhances N-tubulin staining in the domains where neurons
normally form in early neurula (stage 14-15) embryos.
Transverse sections of a microinjected tadpole (stage 32)
embryo reveal that overexpression of XPak3-myr expands/
shifts the N-tubulin expression domain towards the
ventricular zone at the expense of the expression in the
marginal zone (Figure 4A, panel 3), indicating premature
neuronal differentiation. Importantly, XPak3-myr mis-
expression has no overt effect on the regulation of
proneural factors such as X-Ngnr-1 (not shown), indicat-
ing that the above phenotype is not the result of feedback
regulation.

Conversely, inhibition of XPak3 expression using a
morpholino antisense oligonucleotide (XPak3-MO) cor-
relates with an inhibition of neuronal differentiation, as
marked by the suppression of N-tubulin gene transcription
both in the open neural plate and in the neural tube
(Figure 4B). Importantly, co-injection of both the XPak3-
MO and XPak3-myr (but not XPak3) mRNA is sufficient
to rescue the expression of the N-tubulin gene in a pattern
that is not identical to, but reminiscent of the normal one
(Figure 4C, panels 1 and 2). Furthermore, an increased/
expanded expression of N-tubulin in the neural tube
(Figure 4C, panel 3) indicates that this rescue experiment
correlates with the gain-of-function effect reported above
(Figure 4A, panel 3). XPak3 expression is also prominent
in the cement gland; suppression of XPak3 expression
leads to an inhibition of cement gland formation, as
evident from the marked reduction of the cement gland
marker XAG in neurula (stage 17) embryos (Figure 4D,
panels 1 and 2), as well as from the reduced pigment of
later (stage 24) embryos (Figure 4D, panel 3). Taken
together, our findings indicate that ectopic activation
of XPak3 correlates with premature/increased neuronal
differentiation, whereas XPak3 loss of function results in
an inhibition of neuronal differentiation.

XPak3 inhibits cell proliferation

Microinjection of XPak3-myr mRNA leads to cell cycle
arrest in a dose-dependent manner; high amounts (>50 pg)
induce developmental arrest prior to mid-blastula transi-
tion (MBT), while intermediate amounts give a similar
phenotype after MBT (Figure 5A, panels 1 and 2); low
amounts (<10 pg) produce no morphological abnormality
(Figure 4A, panels 1 and 2). Conversely, microinjection of
XPak3-MO results in an expansion of the anterior neural
plate, which may reflect increased proliferative activity
(Figure 5A, panel 3). In order to characterize these effects
further, morpholino-injected embryos were stained for
bromodeoxyuridine (BrdU) incorporation, proliferating
cell nuclear antigen (PCNA) expression and histone H3

XPak3 regulates cell cycle exit during neurogenesis

o

11317 K-NGNR-1

ICD-Naich

813 st14 5115
H{D E ©Co Mgn E ©Co Mgn E Co Ngn

e — —  XPak3d
— — == NewoD
—_— M-tubalin
E— — — — e — — e HiSlONE H4
c D Mgn
+
hGA Ngn HO Eqs Co Mgn ICD KCD
- - o+ + CHX
-— —  ¥Pak3
- + - + Dex
o s = XPaki
XPak3
. — XPak2
NeuroD
— _— M-tubulin
- . Histane H4 — — — —— HiGtoNE H

Fig. 3. Regulation of XPak3 expression in both embryos and animal
caps. (A) XPak3 expression is positively regulated by proneural genes
and negatively regulated by X-Notch-1. Xenopus albino embryos were
injected into one cell at the two-cell stage with synthetic RNA encod-
ing X-Ngnr-1, X-NeuroD, Xebf3 and ICD-Notch, along with LacZ
RNA as tracer. Embryos were fixed at the neurula stage, then stained
with X-gal (light blue) and analysed by whole-mount in situ hybridiz-
ation for XPak3 expression (purple). (1) X-Ngnr-1 and (2) X-NeuroD
injection results in strong ectopic expression of XPak3 (100 and 96%,
n =76 and 64, respectively). (3) Xebf3 is sufficient to turn on ectopic-
ally the expression of XPak3 but in a weak and scattered manner (62%,
n =48). (4 and 5) The activated form of X-Notch-1, ICD-Notch, blocks
XPak3 expression (100%, n = 56). (B) X-Ngnr-1 is sufficient to
activate XPak3 expression in animal caps. Pigmented embryos were
injected with 50 pg of X-Ngnr-1 mRNA. Animal caps were isolated
and cultivated to the indicated stages. Total RNAs were prepared from
the caps and analysed by RT-PCR for XPak3 expression, using
NeuroD, N-tubulin and histone H4 as controls. For each stage, E
(embryos), Co (control caps) and Ngn (neurogenin-injected caps) are
shown. (C) XPak3 is not induced directly by X-Ngnr-1. Embryos were
injected into two blastomeres of the two-cell stage with hGR Ngn.
Cycloheximide (CHX) treatment was from stage 11.5 followed by 2.5 h
treatment with or without dexamethasone (Dex). Total RNAs were pre-
pared from these caps and analysed by RT-PCR for XPak3, NeuroD
and histone H4. (D) XPak3, but not XPakl and XPak2, is activated by
X-Ngnr-1 in animal cap explants. Pigmented embryos were injected
with X-Ngnr-1 RNA and/or ICD-Notch RNA and allowed to grow up
to stage 9. Animal caps were isolated and cultivated to stage 15. Total
RNAs were prepared from the caps and analysed by RT-PCR for the
genes indicated. From left to right, the columns represent: water control
(H,0), uninjected control embryos stage 15 (E), uninjected control caps
(Co), X-Ngnr-1-injected caps (Ngn), ICD-Notch-injected caps (ICD)
and X-Ngnr-1/ICD-Notch-co-injected caps (Ngn + ICD).
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Fig. 4. XPak3 activation induces premature neuronal differentiation. (A-C) Modulation of XPak3 activity influences neuronal differentiation. Xenopus
albino embryos were injected into one blastomere at the two-cell stage with (A) 10 pg of XPak3-myr RNA, (B) 2.5 pmol of XPak3-MO and (C)
2.5 pmol of XPak3-MO/12.5 pg XPak3-myr RNA, all with LacZ RNA as tracer. Embryos were fixed at neurula and tailbud stages, then stained with
X-gal (light blue) and analysed for neuronal differentiation, as marked by N-tubulin expression. (A3, B3 and C3) Transverse sections of stage 32
embryos were prepared at the level of the hindbrain. (Al and 2) XPak3-myr injection results in increased N-tubulin expression within the trigeminal
placode and within the territories of primary neurons, as indicated by arrowheads (71%, n = 46). (A3) In the neural tube, XPak3-myr injections
expand/shift the expression domain of N-tubulin from the marginal zone towards the ventricular zone (white arrowhead). (B1-3) XPak3-MO injections
strongly inhibit N-tubulin expression within both the trigeminal placode and the territories of primary neurons (100%, n = 92), and within the neural
tube. (C1 and 2) Co-injection of XPak3-MO and XPak3-myr RNA results in rescue of N-tubulin expression in a pattern that is not identical to, but
reminiscent of the normal one (84%, n = 73). (C3) In the neural tube, co-injection increases/expands the expression domain of N-tubulin similarly to
XPak3-myr injection (see A, panel 3). (D) XPak3 is necessary for cement gland formation. Embryos were injected into one blastomere of two-cell
stage embryos with 2.5 pmol of XPak3-MO and LacZ RNA as tracer. One batch of these embryos was fixed at stage 17, stained for -galactosidase
activity (light blue) and bleached. The other batch was fixed at stage 24. (1 and 2) By whole-mount in situ hybridization, XAG is found to be
suppressed, as marked by arrowheads (100%, n = 71). (3) In stage 24 embryos, pigmented cement gland cells are missing on the injected side.

phosphorylation. XPak3-MO-injected embryos show sig-
nificantly increased staining within the expanded area of
the neural plate in all three assays (Figure SA, panels 4-6),
providing further evidence for increased proliferation
being responsible for the morphological effect observed.
We further analysed if increasing or decreasing XPak3
activity would influence apoptosis in Xenopus embryos
using the TUNEL assay (Hensey and Gautier, 1998).
Neither treatment exhibits strong effects on the relative
number of TUNEL-positive cells (Figure 5A, panels 7 and
8). We conclude that the inhibition of XPak3 activity
results in an expansion of the neural plate, which is a
consequence of increased proliferative activity.
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Injection of intermediate doses (12.5 pg) of XPak3-myr
mRNA was found to induce developmental arrest at
gastrula/neurula stages. Strikingly, XPak3-MO, which is
specific for the endogenous transcript but unable to block
expression of the injected construct, was used successfully
to rescue this effect (Figure 5B, panels 1 and 2), suggesting
that the endogenous maternal and/or zygotic XPak3
mRNA acts synergistically with the injected, constitu-
tively active construct in cell cycle arrest.

In order to investigate which of the functional domains
in XPak3 are responsible for the cell cycle arrest activity
described above, a series of XPak3 deletion mutants, all
containing the myristylation signal at their N-terminus,
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Fig. 5. XPak3 is involved in cell cycle regulation. (A) Pigmented embryos were injected into one blastomere of two- or four-cell stage embryos with
either XPak3-myr RNA or XPak3-MO; these embryos were allowed to develop to the stages indicated. The arrowhead shows the injected side:
(1) 50 pg of Xpak3-myr induce cell cycle inhibition before MBT (100%, n = 75); (2) 25 pg give a similar phenotype after MBT (100%, n = 83).
(3) Microinjection of 2.5-5 pmol of XPak3-MO induces neural plate expansion (67%, n = 116); (4—6) immunostained embryos showing increased
signal on the injected side (arrowhead) for phosphorylated histone H3 (54%, n = 54), BrdU (58%, n = 48) and PCNA (79%, n = 62). (7 and 8) TUNEL
staining of embryos injected with 10 pg of XPak3-myr RNA or 2.5 pmol of XPak3-MO shows no significant effect on apoptosis; rather, apoptotic cell
death appears to correlate with increased proliferation. (B) Embryos were injected into one blastomere of two-cell stage embryos with either XPak3-
myr RNA alone or XPak3-myr RNA and XPak3-MO together. By stage 10-11, XPak3-myr-injected embryos stopped growing (100%, n = 107), while
XPak3-myr/XPak3-MO-co-injected ones continued to develop (79%, n = 95). Embryos were fixed at the stages indicated. (C) Deletion mutants of
XPak3 were generated and tested for their influence on cell cycle regulation and neuronal differentiation. The corresponding phenotypes are indicated.

was generated (Figure 5C). Overexpression of different
deletion mutants maintaining either the PXXP/CRIB or
the kinase/Gbg motifs, respectively, reveals that they are
equally capable of inducing cell cycle arrest; however,
without overt effect on neuronal differentiation. Interest-
ingly, an internal fragment (ED/Pix), which contains the
Pix-binding site and the AID, was found to induce neural
plate expansion, as well as a reduction of N-tubulin
expression in 46% of the injected embryos. Furthermore,
this same deletion mutant was found to impair formation

of the anterior—posterior axis in ~40% of the injected
embryos (data not shown), perhaps indicating an inhibi-
tory cross-reaction with XPakl, which is strongly
expressed in the notochord (see above). Thus, this deletion
analysis reveals that the PXXP/CRIB motifs of the
regulatory domain or the kinase domain are sufficient to
induce cell cycle arrest, whereas the ED/Pix fragment
seems to exert a dominant-inhibitory effect. We conclude
that cell cycle arrest is not sufficient to induce neuronal
differentiation.
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Discussion

Results reported in this communication define XPak3 as a
functional link between the proneural gene network and
cell cycle inhibition, which is a prerequisite for neuronal
differentiation. We propose that X-Ngnr-1, a key tran-
scription regulator of neurogenesis, indirectly activates
XPak3, which promotes cell cycle withdrawal and thus
allows neuronal differentiation to proceed. This hypothesis
is supported by three major arguments: (i) the spatial and
temporal patterns of XPak3 expression, as well as its
ectopic activation upon misexpression of proneural regu-
lators; (ii) the inhibitory effect of a constitutively active
variant of XPak3 on cell cycle activity that correlates with
premature neuronal differentiation; and (iii) hyperpro-
liferation of neural tissue that correlates with an inhibition
of neuronal differentiation, as observed upon reducing
XPak3 activity in Xenopus embryos.

XPak3 acts as cell cycle regulator in the context of
primary neurogenesis
Paks define a family of protein kinases with numerous
functions ranging from the control of the MAP kinase
cascade to cytoskeletal rearrangements, which also pro-
vide a link to the cell cycle activities ascribed to these
enzymes (Bagrodia and Cerione, 1999). Similar to what
we report for XPak3 with respect to its function in the
context of cell cycle regulation, the two other, closely
related but differentially expressed Pak variants in
Xenopus, XPak1 and XPak2, previously had been reported
to be involved in cell cycle control, negatively regulating
the G/M phase transition during the process of oocyte
maturation. Interestingly, and similar to the results that we
have obtained upon misexpression of an activated form of
XPak3, microinjection of a truncated, catalytically active
form of Pakl was reported to induce cleavage arrest in
early Xenopus embryos (Rooney et al., 1996). Further-
more, it has been demonstrated that a constitutively active
deletion mutant derived from XPak1 blocks progesterone-
induced oocyte maturation (Faure et al., 1997, 1999). A
negative regulatory function in meiotic cell cycle progres-
sion has also been reported for XPak2. Phosphorylation of
XPak2, which may be directly linked to maturation-
promoting factor (MPF) activity, was reported to result in
its inactivation, allowing for maturation to proceed to
completion (Cau et al., 2000). At present, we do not know
which partner molecules would be relevant for the cell
cycle regulatory activities that we describe for XPak3 in
the context of neuronal differentiation, but the more
common functional link of different Pak variants to cell
cycle control indicates that these different Pak proteins
may be elements of similarly organized functional
networks. Interestingly, it has been found that the
Drosophila Pak is required for photoreceptor axon guid-
ance (Hing et al., 1999). We find that in the development
stages following primary neurogenesis, XPak3 is strongly
expressed throughout the central nervous system and in the
developing eye; in the late stages, XPak3 may serve
additional functions, perhaps including axonal guidance.
In Xenopus, this question remains to be addressed
experimentally.

Cell cycle regulatory activities in the context of
different aspects of neural development in Xenopus have
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been ascribed to p27XI¢1, a Cdk inhibitor (Ohnuma et al.,
1999). During earlier phases of development, regulation of
p27XIC! expression may depend on XBF-1, a winged-helix
transcription factor that is expressed specifically in the
anterior neural plate. Similar to the effects that we have
observed upon inactivation of XPak3, high concentrations
of XBF-1 result in suppression of neuronal differentiation
and expansion of the undifferentiated neuroectoderm, as
well as in a direct suppression of p27XIC! gene tran-
scription (Bourguignon et al., 1998; Hardcastle and
Papalopulu, 2000). However, the pattern of expression
for these genes does not match that characteristic for
N-tubulin, i.e. primary neurogenesis.

Ectopic activation of Delta/Notch signalling in Xenopus
embryos also produces a phenotype that is reminiscent of
that obtained upon XPak3 loss of function as described in
this study, namely inhibition of neuronal differentiation
and expansion of the neural plate (Coffman et al., 1993).
This situation correlates with our observation of the strong
inhibitory effect that ectopic Notch has on the expression
of XPak3 in Xenopus embryos. Interestingly, Notch
activity has been directly linked to a positive regulation
of proliferation; Ronchini and Capobianco (2001) have
reported on a direct transcriptional activation of cyclin D1
upon activation of Notch signalling. It is also interesting to
note that XBF-1/p27XCl-mediated proliferation control in
the neural plate does not operate via increased Delta/Notch
signalling (Bourguignon et al., 1998), while it may
positively modulate premature cell cycle exit in the retina
(Ohnuma et al., 2002). Thus, at least two mechanistically
different pathways appear to exist that ensure cell cycle
withdrawal as a prerequisite for separate aspects of
neuronal differentiation.

Functional domains in XPak3

Interactions between the N- and C-terminal protein
domains of Pak type kinases have been implicated in the
negative regulation of their biological activities.
Mechanistically, it has been demonstrated recently that
Pakl forms trans-inhibited homodimers in vivo that
dissociate upon GTPase binding (Parrini er al., 2002).
Recruitment of the Paks to the cell membrane by Nck or
other adaptors in response to specific signals also promotes
activation (Bokoch ef al., 1996; Lu et al., 1997; Hing et al.,
1999; Lu and Mayer, 1999). Different signalling pathways
can alleviate the autoregulatory inhibition of Paks (Knaus
and Bokoch, 1998; Bagrodia and Cerione, 1999). It will be
interesting to define the signalling system(s) that regulates
Pak3 activity during Xenopus neurogenesis. However, at
present, we have no experimental information on this
issue. We have observed that misexpression of wild-type
XPak3 does not create a phenotypic effect, while adding a
membrane anchor uncovers the activities of XPak3 with
respect to cell cycle regulation and neuronal differenti-
ation. The same functions can be exerted by a number of
different XPak3 fragments. In the case of N-terminal
truncations that maintain the kinase domain, it seems
likely that these fragments are constitutively active
because they lack the ability to form inactive homodimers.
For C-terminal truncations that lack the kinase domain, a
different mechanism of activation must apply. Such
fragments might interact with the endogenous XPak3,
thereby disrupting the trans-inhibited homodimers and



allowing for the formation of active heterodimers that
contain one copy of the endogenous wild-type protein
and one copy of the respective N-terminal fragment. How-
ever, none of these deletion constructs was sufficient
to phenocopy the premature neuronal differentiation.
Interestingly, an internal fragment appears to act in a
dominant-negative fashion, as it exerts the same effects as
the morpholino antisense oligonucleotide. It may titrate
out regulators of Pak kinase activity that are members of
the PIX family (Manser et al., 1998), or it may bind and
inhibit the kinase activity as described earlier (Frost ef al.,
1998). The same fragment also impairs anterior—posterior
axis formation, suggesting that XPak1, which is expressed
exclusively in the notochord during gastrulation, may be
inhibited via the same mechanism.

XPak3 expression is a downstream target within
the proneural gene network

We have shown that XPak3 is expressed in scattered cells
in areas of the neural plate where primary neurons are
being born, as marked by the expression of N-tubulin.
Temporally, XPak3 expression in these areas anticipates
that of N-tubulin and follows that of X-Ngnr-1. Embryo
microinjection experiments suggest that the same factors
which can control N-tubulin expression can regulate
XPak3 expression. Both genes are activated by X-Ngnr-1
or its downstream targets X-NeuroD and Xebf3. However,
compared with X-Ngnr-1 or X-NeuroD, Xebf3 only
weakly induces XPak3 in a few scattered cells, suggesting
that additional factors may also be required for a more
robust activation of XPak3. Both XPak3- and N-tubulin-
encoding genes also appear to be negatively regulated by
lateral inhibition; animal cap experiments reveal that
XPak3 expression is mediated via a regulatory transcrip-
tion control region that is not directly responsive to lateral
inhibition. Taken together, our data place XPak3 down-
stream of X-Ngnr-1/X-NeuroD/Xebf3 and upstream of
N-tubulin within the proneural gene network.

Results obtained upon ectopic activation of XPak3, as
well as upon inhibition of XPak3 activity in Xenopus
embryos, provide further evidence for a function of this
protein in the context of primary neurogenesis. Mis-
expression of a constitutively active variant of XPak3
enhances and accelerates neurogenesis, whereas suppres-
sion of XPak3 reduces neurogenesis, as reflected by the
effects on the expression of N-tubulin as a neuronal
differentiation marker. Interestingly, Pak3 function has
been linked to disturbed neural function in humans; it is
mutated in a particular form of X-linked mental retard-
ation, caused by a mutation which results in premature
translation termination, thus disrupting kinase function
and preventing Gbg motif formation (Allen et al., 1998),
or caused by a point mutation (Arg67 for cysteine) that
inhibits G-protein-binding activity (Bienvenu et al., 2000).
The phenotypic effects observed as a consequence of these
different mutations may be the result of disturbed neuronal
differentiation.

Materials and methods
Isolation of XPak3 cDNA

Large-scale whole-mount in situ hybridization was performed for
screening a tadpole head AZAP express phage cDNA library, in principle
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as described by Hollemann ef al. (1999). Briefly, single recombinant
phages were eluted in 96-well microplates. Fluorescein-labelled antisense
RNA probes were transcribed from templates obtained by PCR
amplification of cDNA inserts from these single phages. Four sets of
flat-bottomed 24-well devices for simultaneous whole-mount in situ
hybridization were used per round of screening. cDNA clones with a
suggestive expression pattern were sequenced and matched with the
DDBJ/EMBL/GenBank sequence information. The XPak3 cDNA clone
was selected on the basis of its expression similarity to N-tubulin. The
DDBJ/EMBL/GenBank accession No. for XPak3 is AF485330.

Embryos, whole-mount in situ assays and histology
Wild-type and albino X.laevis embryos were obtained by hormone-
induced egg laying and in vitro fertilization using standard methods as
described by Harland (1991). Whole-mount in situ hybridization was
performed in principle as described by Harland (1991), with modifica-
tions as reported in Hollemann et al. (1999). Whole-mount PCNA
staining was performed essentially as described by Paganelli et al. (2001).
Whole-mount BrdU staining was performed essentially as decribed by
Hardcastle and Papalopulu (2000). Whole-mount phospho-histone H3
staining was performed essentially as described by Saka and Smith
(2001). Whole-mount TUNEL was carried out as described by Hensey
and Gautier (1998), with the exception that the vitelline membrane was
removed by proteinase K treatment, at a concentration of 0.5 pl/ml for
15 min at room temperature. For sectioning, stained and post-fixed
embryos were gelatin embedded and vibratome sectioned at 30 pm
thickness. Images from embryos and mounted sections were visualized
using Normarski optics and recorded with a CCD camera (Sony).

Microinjection and animal cap explants
The entire XPak3-coding region was subcloned into the pCS2+ vector
(Turner and Weintraub, 1994). The myr-tagged version was engineered
by subcloning the open reading frame (ORF) into the pCS2+ vector and
ligating an oligonucleotide (5-AATTGCCATGGGTTCATCGAAGTC-
CAAGCCAAAGGACCCATCGCAACGACGACGG-3') coding for a
myristylation signal (MGSSKSKPKDPSQRRR) into the EcoRI site of
the resulting construct. XPak3 deletion constructs were generated by
PCR, and by restriction digestion with EcoRI in the case of the
myristylated N-terminal fragment. After linearization with NotI, the DNA
template was transcribed in vitro with SP6 RNA polymerase using the
mMESSAGE mMACHINE kit (Ambion). Variable amounts of XPak3 or
XPak3-myr capped-RNA, either alone or together with 50 pg of LacZ
RNA (Chitnis et al., 1995), were injected in a volume of ~5 nl into one or
two blastomeres of two-cell stage Xenopus embryos. At various stages, as
indicated in the text, the injected embryos were either fixed for
histological analysis, or fixed, stained with X-gal and analysed by
whole-mount in situ hybridization. The antisense morpholino oligo-
nucleotide XPak3-MO (5-CAGCACTCCTCACAGCCTCCTGGC-3")
(Gene Tools LLC) was diluted to 1 mM in RNase-free water, aliquoted
and stored at —20°C. For each injection, an equivalent of 2.5-5 pmol in
5 nl was administered per blastomere of two- or four-cell stage embryos.
For the animal cap assays, embryos were injected at the two-cell stage
into the animal pole of both blastomeres with the following capped
RNAs: 100 pg of X-Ngnr-1 (Ma et al., 1996) and 300 pg of X-Notch ICD
(Chitnis et al., 1995). Animal caps were dissected from stage 9 embryos,
cultivated in 0.5X MBS and harvested until control siblings had reached
the appropriate stage.

RT-PCR

The Qiagen RNeasy mini kit was used for RNA isolation from animal
caps. All RNA preparations were treated with DNase I (Qiagen) and
checked with 32 cycles of histone H4-specific PCR (Niehrs et al., 1994)
for DNA contamination. RT-PCR was carried out using the Gene Amp
RNA PCR kit from Perkin-Elmer. The following primers, annealing
temperatures and cycle numbers were utilized: histone H4, forward (F)
5-CGGGATAACATTCAGGGTATCACT-3" and reverse (R) 5'-
ATCCATGGCGGTAACTGTCTTCCT-3", 58°C, 24 cycles (Niehrs
et al., 1994); N-tubulin, F 5-ACACGGCATTGATCCTACAG-3" and
R 5-AGCTCCTTCGGTGTAATGAC-3’, 58°C, 32 cycles (Oschwald
et al., 1991); XPakl, F 5-GTGTCTGAAGCAGCAGAGGTCCCT-3’
and R 5-GTCTACGCTGCTTTCTGCTCCATC-3’, 60°C, 30 cycles
(Faure er al., 1997); XPak2, F 5-GTCTGTGCCCTGCACCTAATG-
CAA-3" and R 5-CTTTGCAGCACTGTCTGAATCTCC-3", 60°C, 31
cycles (Cau er al. 2000); XPak3, F 5-TGAATGCAAAGACTGCATCT-
GAGC-3" and R 5-GCTCGTGCTTGAGTTTGAGTTTTC-3’, 60°C, 33
cycles. PCR products were separated on 2% agarose gels.
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Analysis using the hormone-inducible form of XNgnr-1 (hGR Ngn)
was performed as described by Perron et al. (1999).
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