MOLECULAR AND CELLULAR BIOLOGY, Oct. 2003, p. 7122-7133
0270-7306/03/$08.00+0 DOI: 10.1128/MCB.23.20.7122-7133.2003

Vol. 23, No. 20

Copyright © 2003, American Society for Microbiology. All Rights Reserved.

PAK4 Kinase Is Essential for Embryonic Viability and for Proper

Neuronal Development

Jian Qu,' Xiaofan Li,' Bennet G. Novitch,” Ye Zheng,' Matthew Kohn,' Jian-Ming Xie,'
Spencer Kozinn," Roderick Bronson,” Amer A. Beg,' and Audrey Minden'*

Department of Biological Sciences, Columbia University, New York, New York 10025"; Department of Pathology,
Harvard Medical School, Boston, Massachusetts 02115% and Howard Hughes Medical Institute, Department of
Biochemistry and Molecular Biophysics, Center for Neurobiology and Behavior, Columbia University,

New York, New York 10032

Received 20 March 2003/Returned for modification 9 May 2003/Accepted 7 July 2003

The serine/threonine kinase PAK4 is a target for the Rho GTPase Cdc42 and has been shown to regulate cell
morphology and cytoskeletal organization in mammalian cells. To examine the physiological and developmen-
tal functions of PAK4, we have disrupted the PAK4 gene in mice. The absence of PAK4 led to lethality by
embryonic day 11.5, a result most likely due to a defect in the fetal heart. Striking abnormalities were also
evident in the nervous systems of PAK4-deficient embryos. These embryos had dramatic defects in neuronal
development and axonal outgrowth. In particular, spinal cord motor neurons and interneurons failed to
differentiate and migrate to their proper positions. This is probably related to the role for PAK4 in the
regulation of cytoskeletal organization and cell and/or extracellular matrix adhesion. PAK4-null embryos also
had defects in proper folding of the caudal portion of the neural tube, suggesting an important role for PAK4

in neural tube development.

The Rho GTPases, including Cdc42, Rac, and Rho, regulate
the organization of the actin cytoskeleton in mammalian cells
by promoting the formation of filopodia, lamellipodia, and
stress fibers, respectively (63). These cytoskeletal changes play
important roles in the regulation of cell morphology and mi-
gration. The Rho GTPases also regulate cell adhesion and
proliferation, as well as activation of intracellular signaling
pathways (2, 8, 13, 21, 44, 74). Although they were initially
characterized in fibroblasts, the Rho GTPases also have im-
portant functions in other cell types. For example, the Rho
GTPases have been shown to be important for the regulation
of neurite outgrowth in Caenorhabditis elegans, Drosophila
melanogaster, and chickens and in mammalian primary neu-
rons and cell lines (9, 18, 30, 33, 34, 39, 54, 75). This is probably
due in large part to the fact that filopodia and lamellipodia play
key roles in the elongation of neurites (37).

In their activated GTP-bound states, the Rho GTPases bind
to target proteins that mediate their various biological func-
tions (63). Among the targets that have been identified for the
Rho GTPases, the p21 activated kinase (PAK) family of serine/
threonine kinases are thought to have important roles in reg-
ulating cell growth and morphology (4, 16, 17, 31, 51). The
PAKs fall into two categories based on their amino acid se-
quences. The group A PAKS, consisting of mammalian PAKI,
PAK?2, and PAK3, are similar to each other throughout their
entire sequences. They contain an amino-terminal GTPase-
binding domain (GBD), which binds to activated Rac or
Cdc42, and a carboxyl-terminal kinase domain. Although ex-
pression of the group A PAKs leads to changes in cell mor-
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phology, several studies have shown that they may not be
directly required for all of the cytoskeletal rearrangements
triggered by Cdc42 and Rac (40, 52). Their exact roles in Rho
GTPase signaling pathways, therefore, remain to be fully clar-
ified.

The second category of PAKS, group B, consists of human
PAK4, PAKS, and PAK6. PAK4 is ubiquitously expressed (1),
PAKS is expressed primarily in the brain and pancreas (15),
and PAKG® is expressed in the testes, prostate, and brain (35,
69). PAK4, -5, and -6 are highly similar to each other through-
out their GBD and kinase domains but share only approxi-
mately 50% identity with the group A PAKs in these domains.
Outside of the GBD and kinase domains, the group B PAKs
are completely different from each other and from the group A
PAKSs. PAK4 was the first member of the group B PAKSs to be
identified (1). It binds preferentially to activated Cdc42, al-
though it also binds to activated Rac (1, 48). In contrast to the
other PAKs, PAK4 can promote filopodia formation in re-
sponse to Cdc42 in several cell types, including fibroblasts, and
this is dependent on its kinase activity and on its binding to
activated Cdc42 (1). In neuroblastoma cells, activated PAK4
can also promote neurite outgrowth, a process which requires
Cdc42 activation and filopodia formation (15). In fibroblasts,
activated PAK4 decreases adhesion to the extracellular matrix
and promotes proliferation, leading to anchorage-independent
growth (48), which may explain why its overexpression is asso-
ciated with tumorigenesis (10). PAK4 is also thought to be
directly involved in cell migration, and this may be mediated
specificaly through the integrin 85 subunit (73). The extracel-
lular stimuli that activate PAK4 and substrates that are phos-
phorylated by PAK4 are only beginning to be elucidated.
PAKA4, for example, was shown to be activated by the cytokine
HGF (68), and its substrates include the cytoskeletal regula-
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tory protein LIMKI1 and the proapoptotic protein BAD (14,
25).

Since the regulation of cell shape, adhesion, and motility are
critical for all aspects of development, there has been growing
interest in the physiological and developmental functions of
the Rho GTPases and their target proteins. In Drosophila, the
Rho GTPases have been implicated in a wide range of early
developmental processes (cellularization, cytokinesis, gastrula-
tion, and dorsal closure) (36), as well as later developmental
processes (neuronal development, muscle differentiation, and
the establishment of planar cell polarity) (36). The two best-
characterized Drosophila PAKs are Drosophila PAK (DPAK),
a group A PAK (26), and “mushroom body tiny” (MBT), a
group B PAK similar to PAK4 (41). DPAK is important for
dorsal closure and photoreceptor axon guidance (26, 27), and
MBT is thought to be important for the development of neu-
rons, specifically the Kenyon cells in the mushroom body (41).

In mammals and birds, most studies of the biological roles of
PAKs and Rho GTPases have relied on the use of dominant-
negative or activated mutants. For example, studies in which
activated or dominant-negative mutants of the Rho GTPases
are transfected into neurons from chicken or rat suggest an
important role for the GTPases in neuronal development (9,
58). Likewise, transgenic mice expressing activated Rac in neu-
rons have an increased number of dendritic spines (38).
Whereas some important information can be obtained from
such studies, the generation of loss-of-function mutants is cru-
cial to understanding the physiological and developmental
functions of these proteins in mammals. Mouse knockouts of
Cdc42 and Racl have been analyzed, but result in early em-
bryonic lethality (before embryonic day 6.5 [E6.5] and E9.5,
respectively) (11, 55), so that information about their roles in
mammalian development is still limited (11, 55). Thus far, no
mouse knockouts of any of the PAK family members have
been reported, so the physiological and developmental roles of
these kinases in mammals are still completely unknown. Here
we report on the effects of targeted disruption of PAK4 in
mice. PAK4 is absolutely required for development, and
PAK4-null embryos die prior to E11.5. Since PAK4-null em-
bryos survive considerably longer than Cdc42- or Racl-null
embryos, however, we were able to examine organogenesis.
The most likely cause of death in the PAK4-null embryos is a
defect in the fetal heart. In addition, improper folding oc-
curred in the caudal neural tubes of the PAK4-null embryos,
resulting in the formation of two neural lumens. Most strik-
ingly, PAK4-null embryos had severe abnormalities in the de-
velopment and migration of neurons. Whereas neuronal pro-
genitors appeared to form normally, neuronal differentiation
was largely inhibited, axonal outgrowth was impaired, and neu-
rons failed to migrate to their proper locations.

MATERIALS AND METHODS

Plasmids and antibodies. Expression plasmids encoding hemagglutinin (HA)-
tagged PAK4 wt, HA-tagged PAK4(N445,E474), HA-tagged PAK4AGBD, and
empty vector SRa were described previously (48). The empty targeting vector
pPNT was described in (62). The anti-Myc antibody, anti-PAK2 (y-PAK) anti-
body, anti-PAKI antibody, and horseradish peroxidase-conjugated donkey anti-
goat immunoglobulin G (IgG) were obtained from Santa Cruz Biotechnology;
anti-vinculin antibody and horseradish peroxidase-conjugated goat anti-mouse
IgG were from Sigma. The monoclonal antibody to PAK4 was described previ-
ously (48). The anti-PAKS antibody was generated by Covance, Inc. Fluorescein
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isothiocyanate (FITC)-conjugated phalloidin was obtained from Molecular
Probes, and rhodamine-conjugated goat anti-mouse IgG antibody was from
Pierce.

Guinea pig anti-Nkx6.1, mouse anti-Pax7, guinea pig anti-olig2, mouse anti-
Isl1/2, rabbit anti-Lim1/2, rabbit anti-Dbx2, mouse anti-Shh, and mouse anti-
neurofilament antibodies were gifts from T. Jessell. FITC-labeled donkey anti-
guinea pig, Cy3-labeled donkey anti-mouse, Cy3-labeled donkey anti-guinea pig,
FITC-labeled donkey anti-mouse, and Cy5-labeled donkey anti-rabbit secondary
antibodies were obtained from Jackson Immunoresearch Laboratories.

Cloning of murine PAK4 ¢cDNA. To isolate mouse PAK4 cDNA clones, a pair
of degenerate oligonucleotide primers were synthesized based on the amino acid
sequences conserved among the kinase domains of human PAK4, MBT (PAK4
Drosophila homologue), and C45B11.1 (PAK4 C. elegans homologue). The two
primers corresponding to the amino acid sequences KQQRRELL and
HRDIKSD were used to generate a PCR product with cDNA from NIH 3T3
cells as a template. PCR products were gel purified and subcloned. Inserts were
sequenced by automatic sequencer (ABI Prism 377). A 253-bp PCR product
exhibiting 90% homology to the kinase domain of human PAK4 was labeled with
[«-*?P]dCTP (Amersham Life Sciences) by the random prime labeling method
(Prime-It IT kit; Stratagene) and used as a probe to screen a mouse adult brain
c¢DNA lambda library (in the Uni-ZAP XR vector; Stratagene) according to the
standard protocol. Seven independent positive clones were excised as plasmids.
The longest one contained the complete coding frame of mouse PAK4.

Construction of target vector and generation of PAK4~/~ mice. To isolate
PAK4 genomic sequences, a murine 129 genomic library (Genome Systems) was
screened with the 253-bp degenerate PCR products. Several genomic clones
were isolated, subcloned into the pBluescript vector, and mapped by standard
techniques. A 3.5-kb fragment 3’ to exon 1 and a 4.2-kb fragment 5’ to exon 1
were sequentially subcloned into the pPNT vector in the opposite transcriptional
orientation from the PGK-neo gene to generate the targeting construct pPNT-
PAK4KO. The final construct pPNT-PAK4KO was verified by restriction anal-
ysis and partial sequencing. The pPNT-PAK4KO was linearized at a unique Notl
site and electroporated into D3 embryonic stem (ES) cells. G418- and GANC-
resistant colonies were isolated and genotyped by Southern analysis with an
external DNA probe. Digestion of genomic DNA with Kpnl results in a 3.5-kb
fragment in the wild-type allele and a 5.3-kb fragment in the recombinant allele.
Among 240 G418-resistant clones, 29 had a recombinant PAK4 allele. D3 ES
cells were obtained from Richard Hynes (20). Later, the electroporations were
repeated in E14 ES cells. PAK4 knockouts from both types of ES cells gave
identical results.

PAK4™/~ cells were injected into C57BL/6 blastocysts. Chimeric male mice
displaying >50% coat color chimerism were bred to C57BL/6 females to gener-
ate F; offspring. Germ line transmission of the targeted PAK4 allele was verified
by PCR and Southern blot analysis of tail DNA from F, offspring with agouti
coat color. Heterozygotes were crossed with C57BL/6 mice, and the heterozygote
progeny were interbred to obtain homozygotes. Genotypes were verified by PCR
and Southern blot analysis. Embryos were generated by timed pregnancies of
heterozygotes, and the genomic DNA derived from yolk sacs were genotyped.

Two lines of mice carrying the targeted PAK4 allele in the germ line were
established from two independent ES cell clones. The phenotypic consequences
of PAK4 deficiency appeared to be equivalent in offspring of both of these
separately derived lines.

Genotyping by PCR. A competitive PCR method was used to assess the
PAK4-null (PAK47) and wild-type (PAK4™") alleles simultaneously. A reverse
primer (5'-TGG TCA CTG GGA GAG GAT G-3') common to the PAK4 ™~ and
PAK4 " alleles and two forward primers specific to PAK4™ (5'-CAG CAG CCA
TTC AGT CTT-3') or PAK4™(5'-GGT GGA TGT GGA ATG TGT-3') were
combined in the same PCR. The PCRs were heated at 94°C for 5 min and then
went through 30 cycles at 94°C for 45 s, 60°C for 1 min, and 72°C for 1 min. The
PCR products were analyzed on 2% agarose gel. The expected sizes of the
wild-type and knockout PCR products are ca. 300 and 200 bp, respectively.

Histological analysis. Embryos generated by timed matings were isolated,
fixed overnight in Bouin’s solution, dehydrated, embedded in paraffin, sectioned,
and stained with hematoxylin and eosin (H&E). Yolk sacs were isolated for
genotyping. Freshly dissected whole embryos were also observed and photo-
graphed by using a dissecting microscope.

Immunohistochemistry. For immunohistochemical localization of proteins,
embryos were fixed with ice-cold 4% paraformaldehyde for 2 h, washed with cold
phosphate-buffered saline (PBS), equilibrated with 30% sucrose in PBS at 4°C
overnight, and then mounted in Tissue-Tek OCT compound and frozen by using
dry ice. The embryo blocks were cut at about 12 wm per section. Proteins were
stained by incubating slides with the indicated antibodies in 1% horse serum in
PBS with 0.1% Triton X-100 (PBST) overnight at 4°C. After a wash with PBST,
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FIG. 1. Targeting of PAK4. (A) Construction of the PAK4 targeting vector. The genomic locus of the PAK4 gene is shown at the top. The first
four exons are indicated. Exon 1 encodes the first 68 amino acids of PAK4, including the GBD. Exon 3 includes the critical lysine 348 in subdomain
II of the kinase domain. The knockout vector was generated to replace exon 1 with a PGK-neo gene cassette flanked with a 4.2-kb 5’ homology
region and a 3.5-kb 3’ homology region. The 5’ Xhol-EcoRV fragment was inserted into the targeting vector by ligation of a PCR product with
Kpnl adaptors on both ends. The 3’ Kpnl-Xhol fragment was inserted into the targeting vector by using a 5" XholI-KpnlI adaptor and a 3’ Xhol-Not1
adaptor. In the recombinant locus, restriction sites derived from the targeting vector are indicated below those from the wild-type locus. The KpnI*
site is replaced by X%ol site upon gene targeting, and this change is used to distinguish the knockout allele from the wild-type allele. Kpnl digestion
of genomic DNA results in a 3.5-kb fragment in the wild-type allele and a 5.3-kb fragment in the recombinant allele. (B) Southern analysis of
genomic DNA from ES clones. Genomic DNA was isolated from PAK4 "/, PAK4™/~, and PAK4™/~ ES cells, digested with Kpnl, and analyzed
by Southern blotting with a 3" external probe. The probe is schematically shown in panel A. (C) Western analysis of cell lysates from PAK4*/*,
PAK4"~, and PAK4™/~ ES cells. Cell lysates were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred to a
polyvinylidene difluoride filter, and probed with monoclonal antibodies against PAK4; blots with the same lysates were also probed with PAK1,
PAK2, and actin antibody. (D) Western analysis of ES cells. A Western blot of PAK4"* and PAK4 '~ ES cells and wild-type brain lysates was
probed with PAKS polyclonal antibody and actin antibody. There is no detectable expression of PAKS protein in either the wild-type cells or the
PAK4-null ES cells. (E) Northern blot analysis of total RNA from PAK4"™/* and PAK4 ™/~ ES cells and wild-type brain tissue. The blot was probed
with a portion of the PAK6 cDNA that is specific to PAK6. There is no detectable expression of PAK6 mRNA in neither the wild-type nor
PAK4-null ES cells. The same blot was also probed with a portion of actin cDNA as control.
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TABLE 1. Genotypes of offspring from PAK4*/~ intercrosses

No. of animals with genotype:

Stage
+/+ +/- ~/= ND
Postnatal 118 251 0
E15.5 5 4 0
E13.5 1 7 0
E11.5 5 20 8* 2
E10.5 18 43 27
E9.5 90 161 82 8
E9 10 12 3 2

“ PAK4 deficiency results in embryonic lethality. Genotypes of postnatal mice
or mice at the indicated embryonic day were determined. +/+, Wild-type mice;
+/—, heterozygous mice; —/—, homozygous (knockout) mice. *, Partly resorbed
embryos. ND, not determined.

the slides were incubated with the indicated immunofluorescence-tagged sec-
ondary antibodies for 1 h at room temperature, washed again with PBST, and
then mounted with Vectashield mounting medium (Vector). Images were col-
lected on a Zeiss LSMS510 confocal microscope.

ES cell culture and generation of PAK4~/~ ES cells. ES cells were cultured on
a uniform layer of mouse embryonic fibroblasts (MEFs) rendered quiescent by
gamma irradiation. ES cells were grown in Dulbecco modified Eagle medium
(Gibco-BRL) containing 15% fetal bovine serum (Gibco-BRL), 0.1 mM nones-
sential amino acids (Gibco-BRL), 2 mM L-glutamine (Gibco-BRL), 0.1 mM

A
1
A W
B *
C .

D #®
E ®
1 2 3 5

A briin eve  liver  lung kidney

-
-~ s 9
. -

skeletal smooth
muscle  muscle

B hean

C pancreas thyroid thymus  submas. spleen
2 gland

D testis ovan prostate  cpididy- uterus
mus

E cmbnie  embno embrnio embno
Tdays  lldayvs 15davs 17 days

DEFECTS IN NEURONAL DEVELOPMENT IN PAK4-DEFICIENT MICE 7125

B-mercaptoethanol (Sigma), and 100 U of penicillin-streptomycin/ml (Gibco-
BRL) at 37°C and 5% CO,. To generate PAK4 ™/~ ES cells, the PAK4™/~ ES
cells were grown in a high concentration of G418 (2 mg/ml). The medium was
supplemented with lymphocyte inhibitory factor (1,000 U/ml; Gibco-BRL).
Genomic DNA from 50 resistant clones were genotyped by Southern blotting. Six
percent of the resistant cells that were analyzed had a PAK4 ™/~ genotype.

Generation of PAK4~~ MEFs. E9.5 embryos were dissected from decidua,
and all maternal tissues were removed under the dissection microscope. Yolk
sacs were isolated and genotyped by PCR as described above, and each embryo
was minced, treated with trypsin, and then cultured in individual wells on 24-well
plates in Dulbecco modified Eagle medium containing 15% fetal bovine serum,
glutamine, penicillin, and streptomycin. After confluence was reached, cells were
trypsinized and replated, and nonadherent cells were removed 40 min later.

Western blots. Western blot analysis was carried out as described earlier (48).
Lysates from human testes, brain, and heart were from Clontech.

Northern blots. To determine the relative expression levels of mouse PAK4
mRNA in different tissues and developmental stages, Northern analysis was
performed with a mouse RNA master blot (Clontech) according to the manu-
facturer’s protocol. A 400-bp cDNA fragment in the mouse PAK4 regulatory
domain was prepared by random prime labeling method (Stratagene) to analyze
the master blot.

To examine PAK®6 levels, total RNA from different tissues of wild-type and
PAK4-null mice was prepared by using RNAzol B (Tel-Test, Inc.). The isolated
total RNA was separated and transferred to a positively charged nylon mem-
brane (Amersham Bioscience) as described elsewhere (23). A 500 PAK6 cDNA
fragment from the regulatory domain was radioactive labeled with a random
primer labeling kit (Stratagene) and used to probe the membrane. The hybrid-

FIG. 2. PAK4 expression pattern and analysis of the heart defects in PAK4 knockout mice. (A) Northern blot analysis of PAK4 expression. A
mouse RNA master blot (Clontech) was probed with a 0.4-kb cDNA fragment in the regulatory domain of mouse PAK4. PAK4 is expressed in
all of the tissues tested and can be detected as early as E7. (B and C) H&E-stained cross section of the heart showing the bulbus cordis (BC) and
primitive ventricle (V) from E10.5 wild-type (+/+) (B) and PAK4-deficient (—/—) (C) embryos. (The dorsal aorta and first branchial arch artery
can also be seen in the PAK4 ™/~ embryo, although they cannot be seen in this section of the wild-type embryo.) This region of the heart appears
normal in the knockouts, except for the thin myocardial wall. (D and E) Cross sections deeper into the hearts are shown. The region where the
common atrium merges with the sinus venosus (A/SV) can be seen above the ventricle. In the knockout, the A/SV region (which can be seen
communicating with one of the anterior cardinal veins [CV]) is dilated and distorted.
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FIG. 3. Neuronal defects in PAK4-null embryos. (A and B) Images of PAK4 wild-type (+/+) (A) and PAK4-deficient (—/—) (B) E9.5 embryos.
PAK4-null embryos are generally smaller than wild-type embryos and are translucent around the head and neural tube regions. (C and D)
H&E-stained sagittal sections of E10.5 PAK4*/* (C) and PAK4~/~ (D) littermates. The large empty area in the head region is apparent in the
knockouts, although many other aspects of development appear normal. For example, branchial arches (Br), two heart chambers (H), somites (S),
and limb buds (L) can be seen in both wild-type and knockout embryos, and turning occurs normally in the knockout and wild-type embryos. (E
and F) H&E-stained cross sections of the brains of E9.5 PAK4 wild-type (+/+) (E) and PAK4-deficient (—/—) (F) embryos (4X lens). The
neuroepithelium, which stains dark blue, is thinner in the knockouts than in wild-type embryos. The wavy appearance of the brains in the
PAK4-null mice is most likely due to postmortem collapse of these extremely thin neuroepithelial walls. Hindbrain (HB) and forebrain (FB) are
labeled. (G and H) High-magnification images (40X lens) of the neuroepithelium (NE) of the hindbrains of wild-type (G) and PAK4-deficient
(H) embryos. Pink (eosinophilic) stained cells are most likely axons (white A) and can only be seen in the wild-type embryos. (I and J) Lack of
axon extension in PAK4 knockout embryos. Hindbrains of wild-type (I) and PAK4-deficient (J) E9.5 embryos were stained with antibodies to
neurofilament (red) and Nkx6.1 (green), which stains part of the neuroepithelium. The region where they overlap appears yellow. The results
indicate that neurofilament staining is dramatically reduced in the knockouts. (K and L) BrdU-labeled cross sections of PAK4™/* (K) and PAK4 ™/~
(L) littermates at E9.5. Sections focusing on the neuroepithelium are shown. The relative amounts of BrdU-positive (brown) cells are comparable
in the neuroepithelia of the control and mutant embryos. (M and N) TUNEL staining of sagittal sections of PAK4™* (M) and PAK4 '~
(N) littermates at E9.5. Sections focusing on the neuroepithelia are shown. TUNEL-positive cells (brown), which are apoptotic, were rarely
observed in neuroepithelia of either PAK4 wild-type or PAK4-null embryos (although more sporadic positive staining was seen in the tissues
outside the neuroepithelium in the knockouts). (O) Western blot analysis of PAK4 protein levels. Equal amounts of lysates generated from
different tissues (testis, brain, and heart) were blotted and probed with a monoclonal antibody to PAK4. For comparison, lysates from 293 cells
transfected with HA-tagged PAK4 were also analyzed.

ization was performed in ExpressHyb solution from Clontech according to the
manufacturer’s protocol, and the membrane was exposed to a Kodak film at
—80°C for 5 days. The same membrane was probed with radiolabeled a-actin
c¢DNA probe as loading control.

Indirect immunofluorescence microscopy. PAK4™/* and PAK4~/~ MEFs
(E9.5) grown on fibronectin-coated coverslips were starved in serum-free me-
dium for 24 h and then fixed in 4% paraformaldehyde for 10 min at room
temperature. The cells were stained with anti-vinculin monoclonal antibody
(hVIN-1; Sigma) and rhodamine-conjugated anti-mouse secondary antibody and
then visualized by fluorescence microscopy as described previously (48).

BrdU assays. Bromodeoxyuridine (BrdU) was injected intraperitoneally at 100
ng/g (body weight) into pregnant female mice at E9.5. The females were sacri-
ficed 30 min after injection, and the embryos were fixed in 10% formalin,
dehydrated, paraffin embedded, and sectioned for immunohistochemistry. The
sections were labeled with the in situ cell proliferation Zymed BrdU staining kit
according to the manufacturer’s manual.

TUNEL assays. Paraffin-embedded sections were performed with TUNEL
(terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling)

staining by using an ApopTag peroxidase in situ apoptosis detection kit (Inte-
grin) according to the manufacturer’s manual.

RESULTS

Generation of PAK4-null mice. A targeting vector was gen-
erated in which the first exon of murine PAK4, containing the
initiating methionine and the critical GBD, was replaced by a
neomycin resistance gene (Fig. 1A). The linearized targeting
vector was electroporated into ES cells. Southern blot analysis
of 240 G418-resistant clones revealed 29 clones containing the
desired homologous recombination event (Fig. 1B). Several of
these PAK4%/~ ES cell clones were then grown in a high
concentration of G418 in order to select G418-resistant clones
that contained a homozygous (PAK4 /") deletion. Western
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blot analysis of these cells indicated that the targeting strategy
led to elimination of PAK4 protein, whereas the expression of
PAKI and PAK?2 was unaffected (Fig. 1C). Western blot anal-
ysis of PAKS and Northern blot analysis of PAK6 indicated no
detectable expression in neither wild-type nor PAK4-null ES
cells (Fig. 1D). Chimeric mice were generated by injecting
several of the PAK4™/~ ES cell clones into C57BL/6 blasto-
cysts. Five clones resulted in germ line transmission of the
disrupted PAK4 allele. PAK4 heterozygous mice appeared

normal and were fertile. Heterozygotes from one of the ES
clones were crossed to generate PAK4-null (PAK4 /") mice.

Absence of PAK4 results in embryonic lethality. Genotyping
of more than 100 newborn pups revealed that the absence of
PAKA4 results in embryonic lethality. PAK4-null embryos were
found at Mendelian ratios up to embryonic day 10.5 (E10.5).
No live PAK4-null embryos were found after that stage (Table
1). The early lethality of the PAK4-null embryos is consistent
with the wide expression pattern of PAK4 in adults and early in
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embryogenesis (Fig. 2A). The most likely cause of death of the
PAK4-null embryos is a defect in the heart. PAK4-null em-
bryos had a thinning of the myocardial walls of the bulbus
cordis and ventricle (Fig. 2B and C). This most likely led to
poor ventricular function and pooling of blood in the atrium
and/or sinus venosus region of the heart, causing it to appear
distended and dilated (Fig. 2D and E).

PAK4 is required for normal neuronal development. The
most striking abnormalities in the PAK4-null embryos were
defects in the brain and neural tube. Gross examination of the
PAK4-null embryos (E9.5) revealed that the regions around
the head and parts of the neural tube appeared translucent in
the mutant embryos (Fig. 3A and B). This was also evident on
H&E-stained sagittal sections of PAK4 knockouts (Fig. 3C and
D), although many other aspects of embryogenesis appeared to
occur surprisingly normally in the PAK4-null embryos (Fig. 3A
to D). Histological analysis of H&E-stained cross sections re-
vealed that the neuroepithelium around the hindbrain and
forebrain was unusually thin in the PAK4-null embryos com-
pared to wild-type embryos (Fig. 3E and F), and loss of eosin-
ophilic staining suggests a lack of neurite outgrowth in these
embryos (Fig. 3G and H). To confirm that neurite outgrowth
was impaired in the knockouts, cross sections of the hindbrain
were stained with antibodies against the neuronal marker neu-
rofilament, which stains axons of differentiated neurons (19).
Staining with anti-neurofilament antibody was greatly reduced
in the knockouts (Fig. 31 and J), indicating a defect in axonal
outgrowth. In the wild-type embryos, neurofilament positive
cells were located at the lateral edge of the hindbrain, which
reflects the normal lateral migration of neurons. The small
number of neurofilament positive cells that could be seen in
the knockouts, however, could be seen both medially and lat-
erally (Fig. 31 and J), suggesting a defect in neuronal migra-
tion. In E9.5 embryos, the defects in the neuroepithelium were
not associated with a severe defect in proliferation (Fig. 3K
and L) or an increase in apoptosis (Fig. 3M and N), although
in other parts of the Pak4-null embryos there was a more
pronounced defect in proliferation and increase in apoptosis
(data not shown). Our results suggest, therefore, that lack of
neuronal differentiation and a corresponding decrease in cell
size due to the defect in axonal outgrowth contributed to the
abnormal appearance of the brain rather than a severe defect
in cell proliferation. Consistent with this apparent role for
PAK4 in neuronal development, we found that in contrast to
mRNA levels, PAK4 protein levels were especially high in the
brain (Fig. 30).

PAK4 is required for differentiation and migration of spinal
cord motor neurons and interneurons. To study neuronal dif-
ferentiation in the knockouts in more detail, we examined the
developing spinal cord neurons, focusing on ventrally
expressed motor neurons and interneurons. To determine
whether motor neuron progenitors formed normally and
whether neuronal differentiation occurred in the knockouts,
cross sections of the neural tubes were stained with anti-olig2
antibody, which stains motor neuron progenitors (46), and anti
Is11/2, which stains differentiated motor neurons that derive
from these progenitors (47, 61). In a normal developing neural
tube, olig2 is expressed medially, whereas Isl1/2 is found lat-
erally, due to the lateral migration of the differentiated neu-
rons (Fig. 4A and C). Interestingly, we found that although
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motor neuron progenitors (olig2 positive) formed normally,
there was a defect in motor neuron differentiation (Isl1/2 pos-
itive) in the PAK4-null embryos (Fig. 4B and D). Similar re-
sults were found in all parts of the neural tube that we have
analyzed (data not shown). Interestingly, although some Isl1/
2-positive cells were present in the mutant embryos, they were
not in their proper lateral positions (Fig. 4B and D), indicating
a corresponding defect in motor neuron migration. This did
not appear to be due simply to a developmental delay in motor
neuron differentiation, since most of the Isl1/2-positive cells
did not stain with Math3 (data not shown), which is found in
newly differentiated neurons in the neural tube (B. Novitch
and T. Jessell, unpublished data). These results further support
the idea that neuronal differentiation and migration are im-
paired in the PAK4 mutant embryos. Development of ventral
interneurons, as assessed by staining with anti-LIM1/2 anti-
body (22), was also severely impaired in the mutant embryos
(data not shown).

The regulation of axonal outgrowth and neuronal migration
is controlled by a variety of factors. Interactions with the ex-
tracellular matrix via integrins, for example, play important
roles in both of these processes (12, 43). Interestingly, we have
found that cells lacking PAK4 have greatly elevated levels of
focal adhesions (Fig. 4E and F), suggesting a misregulation of
adhesion molecules in the absence of PAK4. Improper regu-
lation of adhesion molecules in neuronal cells could provide
one explanation for the migration defect and the lack of proper
neuronal differentiation observed in the PAK4-null embryos.

PAK4 knockouts have caudal neural tube defects. In addi-
tion to defects in neurite outgrowth, PAK4-null embryos had
defects in neural tube development. Although the neural tube
appeared normal throughout most of its length in the mutant
embryos, the caudal end of the tube had an abnormal appear-
ance. In this region, what at first appeared to be a duplication
of the neural tube could be seen in PAK4-null embryos (Fig.
5A and B). In some embryos this apparent duplication could
be seen even more rostrally along the neural tube. To see
whether the apparent ectopic structure was indeed neural tube
tissue and to verify that correct dorsal ventral patterning was
established, cross sections of the neural tubes were stained
with antibodies against dorsal and ventral neural tube markers.
These included anti-Nkx6.1, which stains ventral neural pro-
genitors, and anti-Pax7, which stains dorsal progenitors (6).
Interestingly, correct dorsal ventral patterning occurred even
in the mutant neural tubes (Fig. 5C to E), and the absence of
duplicated gene expression suggests that there was single im-
properly folded tube rather than two separate tubes. Further-
more, staining with sonic hedgehog antibody, which stains the
notochord (22), indicates that only a single notochord is
present (Fig. 5F and G). Thus, rather than a true duplication,
an improper folding or “pinching” appeared to occur between
the ventral and dorsal parts of the caudal neural tube.

DISCUSSION

We have described the targeted disruption of PAK4 in mice,
and this is the first report of a knockout of any of the PAK
family members. Remarkably, although there are six mamma-
lian PAK family members, and all of them have been shown to
promote morphological changes in cell lines (17, 29), we found
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FIG. 4. Defects in motor neuron and interneuron development in
PAK4 knockout embryos. (A to D) Cross sections of different parts of
the neural tubes from E9.5 embryos were stained with anti-olig2 (red)
and anti-Isl1/2 (green) antibodies. Neural tubes from PAK4 wild-type
(+/+) (A and C) and PAK4-null (—/—) (B and D) embryos were
analyzed. There were fewer Is1/2-positive cells in the knockouts. Isl1/
2-positive cells that were present in the knockouts were not in the
correct lateral positions. (E and F) PAK4-deficient cells had increased
levels of focal adhesions. Cells isolated from E9.5 PAK4™* (E) and
PAK4~'~ (F) embryos grown on glass coverslips were starved in se-
rum-free medium for 24 h and then subjected to indirect immunoflu-
orescence microscopy using antivinculin antibody. Whereas PAK4*/*
cells only contained low levels of vinculin when grown in serum-free
medium, PAK4-null cells had large clusters of vinculin.
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that PAK4 is absolutely required for development. This indi-
cates a lack of redundancy between the functions of PAK4 and
those of other PAK family members. In fact, we have found
that unlike PAK4, PAKS knockout mice are both viable and
fertile (35a). The absence of PAK4 led to lethality before
E11.5. The most likely cause of death was a defect in the heart
associated with a thinning of the myocardium and a dilation of
the atrium and sinus venosus. Interestingly, transgenic mice
expressing the Rho GTPase inhibitor Rho GDIa in the heart
also have severe cardiac defects leading to embryonic lethality
by E11.5. The GDI transgenic hearts are dilated and sur-
rounded by a distended pericardium. Since Rho GDI« inhibits
all three major members of the Rho GTPase family (66), these
results suggest an important role for Rho GTPases in heart
development. However, the defects in the GDI transgenic
hearts are more severe than those of the PAK4 knockouts and
include abnormalities in cardiac looping and septation. This is
associated with a decrease in proliferation of cardiomyocytes
and improper regulation of cyclin A and the cyclin-dependent
kinase inhibitor p21 (66). The basis for the cardiac defect in
PAK4-null embryos is not yet known. However, our results
reflect the fact that properly regulated cell growth and mor-
phogenesis are essential for normal development and suggest
that changes in cell growth and morphology caused by the
absence of PAK4 may contribute to improper development of
the heart.

PAK4-deficient embryos also had severe defects in the ner-
vous system, although dorsal ventral patterning of the nervous
system occurred normally. Development and migration of neu-
ronal cells was seriously impaired in the PAK4 knockouts.
PAK4 mutant embryos had unusually thin neuroepithelia in
the hindbrain and forebrain and a corresponding defect in
neuronal differentiation and axonal outgrowth. This could be
detected even in intact embryos by the appearance of a nearly
translucent head and neural tube. The abnormalities in the
nervous system were most likely not secondary effects due to
the defect in fetal circulation because other mouse knockouts
that die from cardiovascular defects at similar developmental
stages do not have translucent or abnormally shaped heads (65,
70). Even the Rho GDIa transgenic embryos with the severe
cardiac abnormalities described above do not have transparent
heads as seen in the PAK4 knockouts (66).

To examine neuronal differentiation in detail, we focused on
developing spinal cord neurons. In the developing embryo,
sensory neurons and their attendant interneurons develop at
the dorsal part of the neural tube, whereas motor neurons and
interneurons develop in the ventral part (5). By E9.5, ventral
neurons, but not dorsal neurons, are well developed in the
mouse. We therefore focused on ventral motor neuron and
interneuron development in the knockouts. We found that
whereas neuronal progenitors formed normally, there was a
defect in the differentiation and lateral migration of both mo-
tor neurons and ventral interneurons. This did not appear to
be associated with the folding defect present in PAK4-null
embryos because the lack of neuronal differentiation was ap-
parent all along the neural tube and was not limited to the
caudal end where the improper folding occurred.

The defect in neuronal differentiation most likely reflects the
fact that PAK4 is associated with cytoskeletal changes includ-
ing the formation of filopodia (1, 48), which have essential
roles in the developing nervous system (3, 45, 56). Both filo-
podia and lamellipodia play key roles in the guidance of neu-
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FIG. 5. Caudal neural tube defects in PAK4-null embryos. (A and B) Cross sections of the caudal portions of neural tubes from wild-type
(A) and PAK4-deficient (B) E10.5 embryos. In the PAK4-deficient embryo, what appears to be two neural tubes can be seen adjacent to a single
notochord. A layer of neuroepithelium can be seen between the two lumens. (C to E) The expression of Pax7 (red) and Nkx6.1(green) was analyzed
in cross sections of the caudal neural tubes of E9.5 wild-type (C) and PAK4-deficient (D and E) embryos. The dorsal-ventral patterning appears
normal in the PAK4 mutant neural tubes (compare panel C with panels D and E). (F and G) Analysis of Shh (red) and Nkx6.1 (green) expression
in cross sections of caudal neural tubes from E9.5 wild-type (F) and PAK4-deficient (G) embryos. Shh is expressed normally in a single notochord
and floor plate of the mutant neural tube (see panel G). The results from panels C to G suggest the presence of a single improperly folded neural

tube rather than two separate neural tubes.

ronal growth cones toward attractive cues and away from re-
pulsive cues, and neurite extension occurs when these filopodia
and lamellipodia are stabilized. Stabilization of these struc-
tures is followed by extension of new filopodia and lamellipo-
dia so that the cycle of axon guidance and growth can continue

(37, 45). Both neurite outgrowth and migration are thus largely
controlled by these cytoskeletal structures. Consistent with
this, Cdc42 and Rac were shown to play important roles in
neurite outgrowth in cultured mammalian cells (24, 33, 49, 59,
60, 64), and Drosophila and C. elegans Cdc42 and Rac homo-
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logues have important roles in axonal extension and guidance
(30, 75). Likewise, our results suggest that PAK4 has an im-
portant role in the differentiation of neurons. Interestingly, the
Drosophila PAK4 homologue, MBT, is also thought to have an
important role in neuronal development (41). In contrast to
PAK4, however, MBT most likely has a role in regulating the
growth or survival neuronal cells rather than in neuronal dif-
ferentiation (41).

Association of integrins with the extracellular matrix plays a
critical role in the regulation of axonal outgrowth and neuronal
migration, and integrins are thought to have both positive and
negative roles in neuronal migration (12, 43). Interestingly,
cells overexpressing activated PAK4 have a decrease in focal
adhesions (48), which are made up of integrins and accessory
proteins (72). Conversely, cells isolated from PAK4 deficient
embryos had a greatly increased level of focal adhesions (Fig.
4). Elevated levels of focal adhesions are likely to lead to an
increase in adhesion to the extracellular matrix and could thus
potentially prevent neurons from extending axonal processes
and from migrating normally. It will be interesting to deter-
mine whether improper regulation of adhesion molecules in
the neurons of PAK4-null embryos may be directly related to
the defects in differentiation and migration.

It will also be interesting to determine which PAK4 sub-
strates are important mediators in its role in neurite out-
growth. One likely candidate is LIM kinase. PAK4 strongly
phosphorylates LIM kinase 1 (LIMK1) (14). Knockouts of
LIMKI1, however, have a much milder defect than the PAK4
knockouts. LIMK1 knockouts are viable and appear normal,
although they have defects in spatial learning, alterations in
long-term potentiation, and abnormalities in dendritic spine
formation (42). Furthermore, we have found that the basal
level of LIMK1 phosphorylation is not abrogated in PAK4
knockouts, and similar results were observed in the PAKS
knockouts (data not shown). These results suggest that PAK4
and PAKS are not absolutely required for basal LIMK1 phos-
phorylation, although in the future it will also be important to
determine whether LIMKI1 phosphorylation in response to
Cdc42 or Rac is altered in Pak4-null cells.

Another striking abnormality in the PAK4-null mice was
what appeared to be a duplication or misfolding of the caudal
portion of the neural tube. The absence of duplicated gene
expression patterns and the absence of a second notochord,
however, indicate that the caudal neural tubes in the PAK4
knockouts were most likely not actually duplicated. Instead,
there appeared to be an alteration in neural tube constriction.
One possible explanation is that abnormal proliferation and/or
migration of neural epithelial cells led to the formation of what
appeared to be two lumens instead of one. Proper neural tube
development depends on actin reorganization (50), and there-
fore improper cytoskeletal organization in Pak4-null embryos
could contribute to the defects in neural tube development.

It is interesting that mouse knockouts of other cytoskeletal
regulatory proteins also have neural tube defects, although
they are not identical to the abnormalities seen in the PAK4
knockouts. For example, approximately 30% of p190 Rho
GAP-null mice have severe cranial neural tube closure defects
(7). p190 Rho GAP is directly involved in regulating the activ-
ity of Rho, and it is thought to have an important role in
cytoskeletal organization (57). The neural tube defects in the
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p190 Rho GAP-null mice appear to be associated with an
abnormal accumulation of F-actin but not with an increase in
apoptosis (7). Other cytoskeletal regulatory proteins have also
been found to contribute to neural tube development.
N-Wasp, for example, is thought to control cytoskeletal orga-
nization by inducing Arp2/3-mediated actin assembly (67).
Neural tubes of N-Wasp-null embryos do close, but they ap-
pear undulated, and the neuroepithelium has a wavy appear-
ance (53). Other examples are the Abl and Arg tyrosine ki-
nases, which are both thought to have important roles in
cytoskeletal organization. In double knockouts of Abl and Arg,
neural tube closure is delayed and can be incomplete (32). In
addition, the neural tubes “buckle” and part of the neuroepi-
thelium collapses into the neural tube. This does not appear to
be due to an increase in proliferation of the neuroepithelial
cells but appears instead to be associated with disruption of
actin filaments (32). All of these results suggest that abnormal-
ities in cytoskeletal organization and cell shape may contribute
to the abnormal morphology of the neural tube. It is interest-
ing that the neural tubes of Pak4-null embryos did appear to
close but were clearly abnormal in appearance. Since Pak4 is
thought to have an important role in cytoskeletal organization,
one possibility is that defects in cell morphology could cause
the neuroepithelium to collapse into the lumen of the neural
tube, similar to what was found with Arg and Abl double
knockouts (32), and leading to the appearance of a duplicated
neural tube.

Although several cytoskeletal regulatory proteins have been
shown to have important roles in neural tube development, as
described above, it is interesting that other types of signaling
proteins have also been implicated in neural tube abnormali-
ties that are similar to those of the Pak4 knockouts. One of the
most interesting is the Wnt family of secreted proteins. In
particular, caudal neural tubes in Wnt3A knockout embryos
appeared quite similar to the PAK4 knockout caudal neural
tubes, although in the Wnt3A knockouts the neural tubes may
have a true duplication (71). In addition to an apparent caudal
neural tube duplication, the Wnt3A knockouts lack caudal
somites. The absence of Wnt3A is thus thought to cause cells
normally destined to become mesoderm (from which somites
develop) to adopt a neural fate instead (71). The PAK4 mu-
tants did have caudal somites, but they were underdeveloped
compared to the somites in wild-type embryos. Furthermore,
the defects in the PAK4-null neural tubes appeared to be
associated with an increased number of cells between the two
lumens. PAK4 could potentially also have a role, therefore, in
specifying mesodermal or neuronal fate in the caudal part of
the embryo. Interestingly, we have found that activated PAK4
can stimulate expression of a TCF/LEF reporter (J. Qu and A.
Minden, unpublished results), which is a target for the Wnt
signaling pathway (28). Taken together, these results suggest
the possibility of cross talk between PAK4 and the Wnt sig-
naling pathway, and future experiments will be required to
determine whether both pathways play similar roles in neural
tube development.

In summary, these findings demonstrate that PAK4 has an
essential role in animal development. Despite the presence of
five other PAK family members and other Rho GTPase tar-
gets, none of these could compensate for the lack of PAK4
during development. We found that PAK4 has an essential
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role in the morphological development of the heart and neural
tube, as well as in differentiation and migration of neurons.
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