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We have characterized a new member of the mammalian PAK family of serine/threonine kinases, PAK5,
which is a novel target of the Rho GTPases Cdc42 and Rac. The kinase domain and GTPase-binding domain
(GBD) of PAK5 are most closely related in sequence to those of mammalian PAK4. Outside of these domains,
however, PAK5 is completely different in sequence from any known mammalian proteins. PAK5 does share
considerable sequence homology with the Drosophila MBT protein (for “mushroom body tiny”), however, which
is thought to play a role in development of cells in Drosophila brain. Interestingly, PAK5 is highly expressed
in mammalian brain and is not expressed in most other tissues. We have found that PAK5, like Cdc42,
promotes the induction of filopodia. In N1E-115 neuroblastoma cells, expression of PAK5 also triggered the
induction of neurite-like processes, and a dominant-negative PAK5 mutant inhibited neurite outgrowth.
Expression of activated PAK1 caused no noticeable changes in these cells. An activated mutant of PAK5 had
an even more dramatic effect than wild-type PAK5, indicating that the morphologic changes induced by PAK5
are directly related to its kinase activity. Although PAK5 activates the JNK pathway, dominant-negative JNK
did not inhibit neurite outgrowth. In contrast, the induction of neurites by PAK5 was abolished by expression
of activated RhoA. Previous work has shown that Cdc42 and Rac promote neurite outgrowth by a pathway that
is antagonistic to Rho. Our results suggest, therefore, that PAK5 operates downstream to Cdc42 and Rac and
antagonizes Rho in the pathway, leading to neurite development.

The Rho family GTPases, including Cdc42, Rac, and Rho,
were first identified as proteins that have key roles in regulat-
ing the organization of the actin cytoskeleton in mammalian
fibroblasts (18, 35, 38, 39). Microinjection of activated Cdc42
into fibroblasts causes the induction of filopodia, while acti-
vated Rac leads to lamellipodium formation, and activated
Rho causes the formation of stress fibers. Both Cdc42Hs and
Rac have also been shown to have a role in the dissolution of
stress fibers (10, 18, 26), which may reflect an antagonism
between these two GTPases and Rho (19, 40). While they were
initially characterized in fibroblasts, the Rho GTPases have
also been shown to regulate the morphologies of other types of
cells. For example, the Rho GTPases have been shown to have
important roles in the regulation of neurite outgrowth in Cae-
norhabditis elegans, Drosophila melanogaster, chick, and mam-
malian primary neurons and cell lines (5, 8, 14, 19, 22, 25, 48,
55). This is probably due at least in part to the fact that
filopodia and lamellipodia play key roles in the elongation of
neurites (24).

In mammalian neuronal cell lines, Cdc42 and Rac appear to
act antagonistically with Rho. Introduction of constitutively
active mutants of Cdc42 and Rac into N1E-115 neuroblastoma
cells leads to the formation of neurites (41, 52) and the pro-
duction of filopodia and lamellipodia in developing growth
cones (19), whereas introduction of the dominant-negative
mutants of Cdc42 and Rac inhibits neurite outgrowth in N1E-
115 cells and PC12 cells (8, 19, 41, 52). In contrast, activated
RhoAV14 causes neurite retraction in PC12 cells and N1E-115

cells, while inhibition of RhoA stimulates the production of
neurites in N1E-115 cells (11, 19, 50, 51, 52). These results
suggest that inactivation of RhoA actually leads to the activa-
tion of Cdc42 and Rac, thus leading to the production of
neurites (19). Consistent with this, N1E-115 cells form neurites
when they are grown in the absence of serum but not when
they are grown in the presence of serum. This is presumably
because components in serum, especially lipophosphatidic
acid, activate Rho, which in turn blocks the production of
neurites in response to Cdc42 and Rac (19).

While Cdc42 and Rac clearly have important roles in regu-
lating morphologic changes that control growth cone forma-
tion and neurite outgrowth, the mechanisms by which the
GTPases operate in neuronal cells are still not entirely under-
stood. The identification and characterization of molecular
targets for the Rho GTPases is an important step in determin-
ing how they control cell morphology in both neuronal and
non-neuronal cells. Members of the mammalian p21-activated
kinase (PAK) family of serine/threonine kinases constitute a
family of kinases that bind to Rac and Cdc42, but not Rho (for
reviews, see references 7, 17, and 44). The PAK family mem-
bers can be placed into two categories based on their amino
acid sequences. The first category, referred to here as class A,
includes mammalian PAK1, PAK2, and PAK3. Each of these
protein kinases has a carboxyl-terminal kinase domain and an
amino-terminal regulatory domain. Within the regulatory do-
main is a GTPase-binding domain (GBD) that binds to acti-
vated Cdc42 and Rac. The regulatory domain also contains two
or three proline-rich regions that bind to SH3 domain contain-
ing proteins, including the adapter protein Nck and the ex-
change factor PIX (7), and a motif that can bind to G protein
�� subunits (7). The members of this family are all quite
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similar in sequence, exhibiting 73% overall sequence identity
and ca. 92% sequence identity within the kinase domain and
GBD (44). Members of this subfamily of PAKs are thought to
have important roles in regulating cell morphology and cy-
toskeletal organization, although they may not specifically me-
diate cytoskeletal effects that are triggered by Cdc42 and Rac
(13, 21, 45, 47).

PAK4 is the first PAK family member to be identified that
belongs to a second category of PAKs based on its sequence
(1), referred to here as class B. PAK4 contains an amino-
terminal GBD and a carboxyl-terminal kinase domain, but it
does not bind to PIX or Nck and it does not have a G protein
�� binding motif (1; C. Dan, unpublished results). Further-
more, the GBD and kinase domains of PAK4 have only ca.
50% identity with those of the class A PAKs, and the regula-
tory domain of PAK4 outside of the GBD is completely dif-
ferent from those of the other PAKs (1). Unlike other PAKs,
PAK4 was shown to be a link between Cdc42 and filopodium
formation (1). In addition to filopodium formation, PAK4 may
also have other functions. For example, a constitutively active
PAK4 mutant also leads to the dissolution of stress fibers and
focal adhesions, most likely by inhibiting the activity of RhoA
(36).

Here we have characterized a new member of the PAK
family, PAK5, which interacts with Cdc42 and Rac. Like
PAK4, PAK5 falls into the class B category of PAKs based on
its predicted amino acid sequence. PAK5 shares ca. 84% se-
quence identity with PAK4 in its kinase domain, and 80%
identity within its GBD motif. PAK5 also shares partial se-
quence identity with the GBD and kinase domain of another
new member of the class B category, PAK6, which is expressed
in the testis and prostate (53). Outside of the kinase domain
and GBD motifs, PAK5 is completely different from both
PAK4 and PAK6. Furthermore, unlike PAK4 and PAK6,
PAK5 is expressed primarily in the brain. This is of particular
interest because PAK5 is similar to Drosophila MBT protein
(for “mushroom body tiny”) (28). MBT is thought to have a
role in development, proliferation, or survival of cells in the
mushroom body, a structure of the Drosophila brain. Strikingly,
expression of PAK5 triggered both filopodium formation and
neurite outgrowth in N1E-115 cells, while dominant-negative
PAK5 mutants inhibited neurite outgrowth. PAK5 triggered
neurite outgrowth much more effectively than PAK4, and ac-
tivated PAK1 had no effect on neurite outgrowth. Our results
suggest that PAK5 is an important mediator in the signaling
pathway by which Rho GTPases control the cytoskeletal
changes that are necessary for promoting neurite outgrowth.

MATERIALS AND METHODS

Cloning of PAK5. The EST database was screened by using a BLAST search
in order to identify new members of the PAK family. EST clone ts97b05.x1
showed similarity to the kinase domain of mammalian PAK4 from amino acid
483 to the stop codon. To obtain the 5� end of the corresponding clone, a reverse
transcription-PCR (RT-PCR) was carried out with cDNA derived from human
testis total RNA as a template. The 5� primer was a degenerate oligonucleotide
corresponding to the sequence APSNFEH within the GBD of PAK4 and the 3�
primer (AGTAGGGAGTGCCAACCAAT) was an oligonucleotide correspond-
ing to a region in ts97b05.x1 that differs from PAK4. The resulting PCR product
was cloned and sequenced. Further screening of the database revealed that both
the PCR product and ts97b05.x1 were homologous to human mRNA for
KIAA1264. To obtain the full-length cDNA in one piece, another PCR was
carried out with oligonucleotides corresponding to the 5� and 3� ends of

KIAA1264. The full-length PCR product was designated PAK5. PAK5 was also
later found to be nearly identical to GenBank clone ABO40812.

Plasmids. cDNAs encoding PAK5, PAK5RD, and PAK5RD�GBD were sub-
cloned between the ClaI and EcoRI sites on the pCAN-Myc1 expression vector
containing a Myc epitope tag. PAK5RD, corresponding to amino acids 1 to 451,
is the amino-terminal part of PAK5 without the kinase domain and was gener-
ated by PCR with PAK5 cDNA as the template. PAK5RD�GBD, corresponding
to amino acids 31 to 451, lacks both the kinase domain and the GBD and was
generated by PCR with PAK5 cDNA as the template. Constitutively active
PAK5(S573N) in pCAN-Myc1 was generated by site-directed mutagenesis
(Stratagene QuickChange kit) and contains a serine-to-glutamic acid substitution
at amino acid 602, which is a putative autophosphorylation site, and a serine-to-
asparagine substitution at amino acid 573 within the kinase domain.
PAK5(K478M) was also generated by site-directed mutagenesis and contains a
lysine-to-methionine substitution at amino acid 478. cDNAs encoding PAK5,
PAK5(S573N), and PAK5(K478M) were also subcloned between the HindIII
and SacII sites on pEGFP-C3 (Clontech) expression vector to obtain PAK5-
enhanced green fluorescent protein (EGFP) vectors. Myc-tagged PAK4 is de-
scribed elsewhere (1). PAK4(S445N) was described by Qu et al. (36). Hemag-
glutinin (HA)-tagged JNK, glutathione S-transferase (GST)–c-Jun, and
MEKK1� were described by Minden et al. (31). Myc-wild-type RhoA vector and
bacterial expression vectors containing Rac, Rho, and Cdc42 are gifts from A.
Hall. PAK1(T423E) is a gift from J. Chernoff. Dominant-negative JNK has point
mutations in which its two phosphorylation sites (Thr-183 and Tyr-185) are
converted to Ala and Phe, respectively, and is described elsewhere (9).
Cdc42V12, Rac1V12, and RhoV14 are described (30). C3 transferase expression
vector was a gift from R. Prywes. The GST-C21 fusion protein has been de-
scribed by Reid et al. (37) and was a gift of John Collard.

Northern blots. Northern analysis was performed by using a human multiple
tissue RNA blot (Clontech). Hybridization and washes were carried out as
recommended by the manufacturer. The probe was a 400-bp fragment from
within the PAK5 kinase domain that differs in sequence from PAK4 and all other
sequences in the GenBank database. The probe was labeled with [�-32P]dCTP
(Amersham) by using a random priming kit (Stratagene).

Overlay assay. The overlay assay used here was as described earlier (27).
Briefly, 293 cells were transfected with 10 �g of empty vector, Myc-PAK4, or
Myc-PAK5. PAK4 and PAK5 were then immunopurified by using anti-Myc
antibody (9E10; Santa Cruz), and the immunopurified proteins were separated
on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to a polyvinylidene difluoride (PVDF) membrane. The membrane
was then washed and blocked with phosphate-buffered saline (PBS) containing
1% bovine serum albumin and 100 mM dithiothreitol (DTT). Recombinant
GTPases (2 �g) were preloaded with either [�-32P]GTP or [�-32P]GDP and were
incubated for 5 min with the PVDF membrane. The membrane was washed for
5 min and was exposed to a film for 2 h.

Production of GST-C21 fusion protein and Rho GTPase activity assays. GST-
C21 contains the N-terminal 90 amino acids of the Rho effector protein Rho-
tekin, consisting of the Rho binding domain. Escherichia coli BL21 transformed
with the GST-C21 construct was grown at 30°C to an optical density at 600 nm
of 0.3. Expression and purification of the fusion protein and the GTPase activity
assays were performed as described previously (40). In brief, lysates were pre-
pared from 293 cells that were transfected with Myc-RhoA expression vector
together with either empty vector, PAK5, or activated PAK5 vector. Lysates were
then incubated with bacterially expressed GST-C21 fusion proteins bound to
glutathione-coupled agarose beads. The beads and the bound proteins were
washed three times with an excess of lysis buffer and then eluted with Laemmli
sample buffer. The bound RhoA proteins were analyzed by Western blotting with
antibody against the Myc tag. A portion of the lysate was saved for direct
Western blot analysis with anti-Myc antibody.

Preparation of recombinant proteins. Recombinant GST–c-Jun, GST-
RhoV14, GST-Rac1V12, and GST-Cdc42V12 were prepared as described pre-
viously (43).

Cell culture and transfection. All cells were grown at 37°C in 5% CO2. 293 and
N1E-115 cells were cultured in Dulbecco modified Eagle medium containing
10% fetal bovine serum (Gibco-BRL). For transfections in 293 cells, a total of 10
�g of DNA was transfected into the cells in 10-cm plates (60% confluent) by
using the calcium phosphate precipitation method. For N1E-115 cells, 4 �g of
total DNA was transfected into the cells by using FuGENE6 (Roche) in 35-mm
wells (seeded at 104 cells/well) containing coverslips that were precoated with 10
�g of mouse laminin (Gibco-BRL) ml�1 for 1 h at 37°C.

Western blots. Western blot analyses were carried out as described previously
(1).
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Protein kinase assays. To assay histone H4 (HH4) phosphorylation by the
PAKs, 293 cells were transfected with 10 �g of empty vector, Myc-PAK4, or
Myc-PAK5 (wild-type or constitutively active) expression vectors. Cells were
harvested in M2 buffer (32) at 48 h after transfection. Equal amounts of the
Myc-tagged proteins, as assayed by Western blotting, were then immunopurified
from ca. 100 �g of cell extracts with antibody generated against the Myc epitope
tag (9E10; Santa Cruz) and protein A-Sepharose. After 2 h of incubation at 4°C,
the immunoprecipitates were washed twice in M2 buffer and twice in a buffer
containing 20 mM HEPES (pH 7.5) and 10 mM MgCl2 and then incubated with
5 �g of HH4 in a buffer containing 20 mM HEPES (pH 7.5), 10 mM MgCl2, 20
mM �-glycerol phosphate, 10 mM p-nitrophenyl phosphate (PNPP), 1 mM DTT,
50 �M Na3VO4, 20 �M ATP, and 5 �Ci of [�-32P]ATP for 20 min at 30°C. The
reaction was terminated with SDS-PAGE sample buffer, followed by SDS-PAGE
and autoradiography.

To analyze the kinase activity of hemagglutinin (HA)-tagged JNK, 293 cells
were transfected with either 10 �g of empty vector or 5 �g of HA-tagged JNK
expression vector in the absence or presence of increasing doses of Myc-PAK5
(1, 3, and 5 �g) or expression vectors containing Rac2L61 (2.5 �g) or MEKK1�
(2.5 �g). The total amount of DNA in each transfection was kept at 10 �g by
using empty vector. Cells were harvested 48 h after transfection, and the amount
of HA-JNK in cell lysates was normalized by Western blotting. Equal amounts of
HA-JNK were then immunopurified from ca. 100 �g of cell lysates by using an
anti-HA antibody (12CA5; Boehringer Mannheim) and protein A-Sepharose in
M2 buffer at 4°C for 2 h. The protein A-Sepharose beads were washed twice in
M2 buffer and twice in a buffer containing 20 mM HEPES (pH 7.5) and 10 mM
MgCl2 and then incubated in a buffer containing 20 mM HEPES (pH 7.5), 10
mM MgCl2, 20 mM �-glycerol phosphate, 10 mM PNPP, 1 mM DTT, 50 �M
Na3VO4, 20 �M ATP, and 5 �Ci of [�-32P]ATP, together with 2 �g of purified
recombinant GST–c-Jun for 20 min at 30°C. The reaction was terminated with
SDS-PAGE sample buffer, followed by SDS-PAGE and autoradiography. The
phosphorylation of c-Jun was quantitated by phosphorimager analysis.

Immunofluorescence. After transient transfection, N1E-115 cells were fixed in
3% paraformaldehyde for 20 min, permeabilized in 0.1% Triton X-100, and
blocked with 5% goat serum for 20 min at room temperature. Cells were stained
for the presence of Myc-PAK5, Myc-PAK5(K478M), Myc-PAK5RD, Myc-
PAK5RD�GBD, or Myc-Cdc42N17 with mouse anti-Myc antibody (9E10) and
then incubated with goat anti-mouse immunoglobulin G conjugated with rhoda-
mine (Pierce).

Neurite outgrowth scoring assay. N1E-115 cells were grown on coverslips
precoated with mouse laminin, in 35-mm wells, and transfected with 4 �g of the
indicated expression vectors. At 20 h after transfection, the N1E-115 cells were
examined by fluorescence microscopy to detect the presence of the green fluo-
rescent cells that contain the transfected plasmids. Transfected cells bearing a
neurite-like structure with a length of at least one cell body were counted and
scored as the percentage of total transfected cells. The images were taken either
with a Nikon Diaphot 300 inverted microscope with epifluorescence attachments
and a color charge-coupled device camera with a 	10 objective lens or with an
Olympus IX70 Fluoview confocal laser-scanning microscope with a DIC attach-
ment and a 100	 objective lens.

RESULTS

Identification of PAK5, a novel member of the PAK family of
kinases. The human PAK5 cDNA was cloned as described in
Materials and Methods. The sequence of the full-length PAK5
and the predicted amino acid sequence are shown in Fig. 1A.
A comparison between the predicted amino acid sequences of
the PAK5 and other members of the class B family of PAKs
(PAK4 and PAK6) is shown in Fig. 1B. The percent sequence
identities between the PAK5 kinase domain and GBD with the
corresponding domains of other members of the PAK family,
including human PAK1, PAK4, PAK6, and Drosophila MBT,
are shown in Table 1. Outside of the GBD and kinase domain,
there is little sequence homology between PAK5 and any other
members of the PAK family. Furthermore, no obvious PIX
binding sites or G�� binding domains similar to those in PAK1
are evident in PAK5. Northern analysis of PAK5 indicates that
it is expressed in brain and pancreas. Very little or no PAK5

could be detected in several other human tissues that were
examined (Fig. 1C and data not shown).

PAK5 interacts with GTP-bound Rac and Cdc42Hs. Se-
quencing analysis indicates that PAK5 has a putative GBD/
CRIB motif similar to that of PAK4. To determine whether
PAK5 interacts with the GTPases, an overlay assay was used in
which filters containing immobilized PAK4 and PAK5 were
probed with GTP-loaded Rac1 or Cdc42. We found that PAK5
interacts with both GTP-bound Cdc42 and Rac (Fig. 2A),
suggesting that PAK5 is a target for these GTPases. Like
PAK4, however, PAK5 appeared to interact more tightly with
Cdc42 than Rac. PAK5 did not bind to GTP-loaded RhoA,
and a PAK5 mutant lacking the GBD (PAK5DGBD) no
longer bound to Cdc42 or Rac (Fig. 2B)

PAK5 autophosphorylates and phosphorylates an exoge-
nous substrate. Previously, we have shown that wild-type
PAK4 can autophosphorylate and phosphorylate HH4 (1) and
that a constitutively active PAK4, PAK4(S445N), has stronger
kinase activity than wild-type PAK4 (36). PAK4(S445N) has a
serine-to-glutamic acid mutation at the putative autophosphor-
ylation site (amino acid 474) and a serine-to-asparagine muta-
tion at amino acid 445, which is thought to function by stabi-
lizing the catalytic loop (36, 49). This mutant has an elevated
level of kinase activity, but its substrate specificity does not
appear to be altered and it does not induce nonspecific mor-
phologic changes (36). In order to determine whether PAK5
functions similarly, 293 cells were transfected with Myc-tagged
PAK5 expression vector or Myc-tagged PAK5(S573N), which
contains mutations analogous to those in PAK4(S445N). Myc-
tagged wild-type PAK4 expression vector was used for com-
parison. Equal amounts of PAK5, PAK5(S573N), and PAK4
(as assessed by Western blotting) were immunopurified from
cell lysates and incubated with HH4 in kinase buffer with
[�-32P]ATP. Autophosphorylation and HH4 phosphorylation
were analyzed after SDS-PAGE and autoradiography (Fig. 3).
The results indicate that both PAK5 and PAK5(S573N) could
autophosphorylate and phosphorylate HH4, although the ki-
nase activity of PAK5(S573N) was stronger than that of wild-
type PAK5 (Fig. 3A). Wild-type PAK5 had significantly stron-
ger activity than an equivalent amount of PAK4. In fact, the
autoradiogram had to be overexposed relative to PAK5 activity
in order to detect PAK4 activity (Fig. 3B).

PAK5 activates the JNK pathway. In addition to regulation
of the actin cytoskeleton, one of the functions of Cdc42Hs and
Rac is to activate the JNK MAP kinase pathway (2, 4, 6, 30,
54). Since PAK5 interacts with Rac and Cdc42, we tested its
ability to activate JNK. 293 cells were transfected with a HA-
tagged JNK expression vector together with increasing doses of
an expression vector containing the PAK5 cDNA. Activated
Rac and MEKK1 expression vectors were used as positive
controls. After transient expression, JNK was immunopurified
from cell lysates, followed by an in vitro kinase assay with
GST–c-Jun as a substrate. The results indicate that overexpres-
sion of the wild-type PAK5 led to activation of the JNK path-
way that was almost as strong as activation by Rac (Fig. 4). In
contrast, PAK4 activation of JNK was significantly lower than
Rac activation (1). PAK5 did not activate the ERK pathway,
and it only inefficiently activated the p38 pathway (data not
shown).
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Expression of PAK5 leads to the formation of filopodia and
neurite processes in N1E-115 cells. To determine whether
expression of PAK5 could promote morphologic changes in
neuronal cells, N1E-115 neuroblastoma cells grown in the
presence of serum were transiently transfected with either
empty vector containing only EGFP or expression vectors con-
taining PAK5 or PAK5(S573N) fused to EGFP. For compar-
ison, cells were transfected with a vector containing wild-
type PAK4, activated PAK4(S445N) (36), or activated
PAK1(T423E). Cells transfected with EGFP alone appeared
similar to nontransfected cells. Most of the cells had rounded
morphologies, and ca. 7% of them had neurite-like extensions.

In contrast, at least three times as many PAK5-expressing cells
had neurite-like processes. Most strikingly, expression of
PAK5(S573N) led to the production of long neurite-like pro-
cesses in ca. 70% of the transfected cells. In contrast to PAK5,
expression of wild-type PAK4 did not promote neurite out-
growth in these cells significantly above the basal level, while
activated PAK4 triggered neurite outgrowth in only ca. 40% of
the transfected cells. Similar results were obtained even when
larger amounts of PAK4 plasmid were transfected (data not
shown). Both PAK4 and PAK5 triggered filopodium formation
in most of the transfected cells. Expression of PAK1(T423E)
did not lead to the increased production of either filopodia or

FIG. 1. Sequence and expression pattern of PAK5. (A) Sequence of human PAK5. (B) Alignment of PAK5 with PAK4 and PAK6. The
overscored region is the GBD. The underlined region is the kinase domain. The 11 subdomains conserved throughout serine/threonine kinases are
indicated. (C) A human multiple tissue mRNA Northern blot was probed with a cDNA containing part of the kinase domain of PAK5. A band
of 
5.5 kb is indicated.
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neurites in these cells. Representative cells from each condi-
tion visualized at 	60 magnification are shown in Fig. 5A.
Figure 5B shows fields of cells expressing empty vector,
PAK1(T423E), PAK4(S445N), or PAK5(S573N) visualized at
a 	10 magnification. The percentages of neurite-bearing cells
under the different conditions are summarized in Fig. 6A.

The Cdc42 and Rac pathways appear to function antagonis-
tically with the Rho pathway in N1E-115 cells, where Cdc42
and Rac are required for neurite outgrowth and Rho causes
neurite retraction (19, 41, 52). To see whether PAK5 functions
antagonistically with Rho, cells were transfected with
PAK5(S573N) together with an activated RhoAV14 vector.
Expression of RhoAV14 caused a significant reduction in the
percentage of PAK5(S573N)-transfected cells bearing neurites
(see Fig. 6A). Approximately 90% of cells transfected with
PAK5 and the Rho inhibitor C3 transferase (38, 39) had neu-

rites. Dominant-negative JNK had no inhibitory effect on neu-
rite outgrowth (see Fig. 6A), although it effectively blocked
MEKK activation of the c-Jun promoter (data not shown). The
results indicate that PAK5 triggers neurite outgrowth by a
pathway that functions antagonistically to the Rho pathway
and that is independent of JNK activation. To see whether
PAK5 can actually inhibit RhoA activity, 293 cells were trans-
fected with wild-type RhoA together with either empty vector,
wild-type PAK5, or PAK5(S573N), and RhoA activity was
assessed by a Rhotekin binding assay. As shown in Fig. 7,
activated PAK5 caused a significant reduction in the amount of
activated Rho, but had no effect on total RhoA levels.

PAK5 is necessary for neurite outgrowth in N1E-115 cells.
To see whether PAK5 is necessary for neurite outgrowth, N1E-
115 cells were transfected with either empty vector or vectors
containing one of three different dominant-negative PAK5 mu-

FIG. 1—Continued.

VOL. 22, 2002 PAK5 PROMOTES NEURITE OUTGROWTH 571



tants; PAK5(K478M) has a single point mutation within the
kinase domain rendering it kinase inactive, PAK5RD lacks the
kinase domain, and PAK5RD�GBD lacks the kinase domain
and the GBD so that it cannot titrate the Cdc42 and Rac. After
transient transfection, cells were changed to serum-free media
to induce neurite outgrowth, and cells were observed 72 h
later. While ca. 70% of the empty vector transfected cells had
neurites, expression of each of the dominant-negative mutants
led to a reduction in the percentage of neurite-bearing cells.
The levels of inhibition by the dominant-negative PAK5 mu-
tants were similar to the level of inhibition that resulted from
expression of dominant-negative Cdc42N17. Expression of
wild-type PAK5 did not cause any inhibition in neurite out-
growth. These results are summarized in Fig. 6B. Taken to-
gether, these results indicate that PAK5 is both necessary and
sufficient to induce neurite outgrowth in N1E-115 cells.

DISCUSSION

Cytoskeletal organization is a critical part of neuronal de-
velopment. For example, filopodia and lamellipodia play key
roles in the guidance of neuronal growth cones toward attrac-
tive cues and away from repulsive cues, and neurite extension
occurs when these filopodia and lamellipodia are stabilized.
Stabilization of these structures is followed by extension of new
filopodia and lamellipodia so that the cycle of axon guidance
and growth can continue (24, 33). Because the formation of
filopodia and lamellipodia is so important for neurite out-
growth and growth cone guidance, there has been considerable
interest in the possible role for the Rho GTPases in these
processes. Of particular interest are Cdc42 and Rac, which
were first described as proteins that regulate filopodium and
lamellipodium formation in fibroblasts. Both Cdc42 and Rac
have subsequently been found to play key roles in all aspects of
neural development, including growth cone guidance and the
extension of axons (24).

The effector proteins that mediate the morphologic changes
induced by the Rho GTPases in neuronal cells are not yet
clearly defined. The PAK serine/threonine kinases are good
candidates because they are direct targets of Cdc42 and Rac.
However, PAK1, -2, and -3, which belong to the class A cate-
gory of PAKs, may not be directly involved in all of the cy-
toskeletal changes induced by these GTPases, and effector
mutants of Cdc42 and Rac that cannot bind to them can still
induce filopodia and lamellipodia (13, 21). In contrast, PAK4,
which is the founding member of the class B group of PAKs,
directly regulates filopodium formation in response to Cdc42.

PAK4 has a modified GBD compared with the class A PAKs,
and it can even bind to Cdc42 effector mutants that do not bind
PAK1, -2, and -3 via this domain (1). Here we describe the
characterization of a new member of the class B family of PAK
family of PAKs, PAK5. PAK5 is similar to PAK4 in sequence
within the GBD and kinase domain, but it is expressed primar-
ily in the brain. PAK5 is therefore an excellent candidate for a
GTPase target involved in neurite outgrowth.

While members of the Drosophila PAK family, including
Drosophila PAK and MBT, are thought to be involved in neu-
ronal development (12, 34), the roles for mammalian PAKs in
neurogenesis are less well defined. We have found that expres-
sion of activated PAK5 led to a dramatic increase in the for-
mation of neurite-like extensions in N1E-115 cells. Even in the
subset of PAK5-expressing cells in which neurites were not
seen, there was an increased production of filopodia, which is
an important step in the production of neurite processes. Our
results suggest, therefore, that PAK5 may in fact be a major
target for Cdc42, and possibly Rac, in neuronal cells, which
regulates the formation of filopodia and neurite processes.
Previous work has shown that PAK1 can also trigger neurite
outgrowth in PC12 cells. However, this required that it be
targeted to the membrane by addition of a membrane targeting
sequence, and it occurred by a mechanism that did not require

FIG. 2. PAK4 and PAK5 interact with activated Rac and Cdc42.
(A) 293 cells were transfected with equal amounts of expression vec-
tors containing wild-type Myc-tagged PAK4 or PAK5. After transient
expression, Myc-PAK4 and Myc-PAK5 were immunoprecipitated
from whole-cell lysates by using a mouse anti-Myc antibody and pro-
tein A-Sepharose. The immunocomplexes were separated by SDS-
PAGE and transferred to a PVDF membrane. The membranes were
then probed with purified wild-type Rac or Cdc42 that was preloaded
with either [�-32P]GTP or [�-32P]GDP as described in Materials and
Methods (see top two panels). A portion of the lysate was used for
Western blot analysis (WB) with anti-Myc antibody to detect the
PAK4 and PAK5 expression levels (bottom panel). (B) 293 cells were
transfected with equal amounts of expression vectors containing Myc-
tagged wild-type PAK5 or Myc-tagged PAK5�GBD. After transient
transfection, PAK5 and PAK5�GBD were immunoprecipitated from
whole-cell lysates and transferred to a PVDF membrane as described
above, and the membranes were probed with purified RhoV14,
Rac1V12, or Cdc42V12 that was preloaded with [�-32P]GTP as de-
scribed above. PAK5 and PAK5�GBD expression in whole-cell lysates
was detected by Western blots (WB) by using anti-Myc antibody, as
shown in the bottom panel.

TABLE 1. Comparison between PAK5 and other members
of the PAK familya

PAK5 domain
% Sequence identity

hPAK4 MBT hPAK6 hPAK1

Kinase 84 80 76 57
GBD 86 76 70 57

a The percent sequence identity between the PAK5 kinase domain and the
GBD with the corresponding domains of other members of the PAK family,
including human PAK4, Drosophila MBT, human PAK6, and human PAK1, was
calculated. Sequence comparisons are based on the predicted amino acid se-
quences.
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its kinase activity or its Cdc42/Rac binding domain (GBD).
PAK1 might therefore function as a type of scaffolding protein
that recruits other proteins to the membrane, where they can
promote neurite outgrowth (8). We have found that activated
PAK1 did not promote neurite outgrowth in N1E-115 cells. In
contrast, PAK5 clearly triggered both filopodium formation
and neurite outgrowth in these cells. This did not require
membrane targeting of PAK5, and the extent of neurite out-

growth was directly related to the level of its kinase activity.
Our results suggest therefore that PAK5 regulates the mor-
phology of these cells by phosphorylating target proteins that
are specifically involved in neurite outgrowth.

PAK5, along with PAK4 (1) and PAK6 (53), fall into the
second class of PAKs (class B). Unlike the class A PAKs, which
are quite similar to each other throughout their sequences,
PAK4, -5, and -6 are similar to each other only within their
GBD and kinase domain. Outside of this region, in the pre-
sumed regulatory domain, they are almost completely different
from each other. While the reasons for these differences are
not known, it seems likely that they may mediate interactions
with different regulatory proteins and thereby contribute to
unique functions of the different PAKs. Another difference
between PAK4, -5, and -6 is in their expression patterns.
Whereas PAK4 is ubiquitously expressed (1; data not shown),
PAK6 is expressed primarily in the prostate and testes (53),
and PAK5 is expressed primarily in the brain. The differences
in their sequences and expression patterns makes it seem likely
that the different PAKs may have different though possibly
overlapping functions. To see whether other members of the
class B family could function similarly to PAK5, we scored
N1E-115 cells for neurite outgrowth after transfection of
PAK4. While activated PAK4 triggered filopodium formation,
it promoted neurite outgrowth less efficiently than did acti-
vated PAK5. Furthermore, unlike wild-type PAK5, wild-type
PAK4 did not promote neurite outgrowth significantly above
the background levels. Thus, while members of the class B
family of PAKs may generally be capable of triggering neurite
outgrowth when they are activated, based on its expression
pattern and its dramatic effects on the morphologies of N1E-

FIG. 3. PAK5 autophosphorylates and phosphorylates HH4. 293 cells were transfected with equal amounts of either GFP vector or expression
vectors containing Myc-tagged PAK4, Myc-tagged PAK5, or Myc-tagged PAK5(S573N). After transient expression, the amounts of Myc-PAK4 and
Myc-PAK5 were normalized by Western blots probed with a mouse anti-Myc antibody. Approximately equal amounts of Myc-PAK4, Myc-PAK5,
and Myc-PAK5(S573N) were immunoprecipitated from whole-cell lysates by using a mouse anti-Myc antibody and protein A-Sepharose. The
immunocomplexes were then incubated with HH4 and [�-32P]ATP in in vitro kinase buffer. Substrate phosphorylation and autophosphorylation
were analyzed after SDS-PAGE (15% gel) and autoradiography. Both the autophosphorylation of PAK4, PAK5, and PAK5(S573N) and the
phosphorylation of HH4 are indicated. The gel was exposed for 15 min (A) or 2 h (B). Western blots showing expression of Myc-PAK5 and
Myc-PAK4 are shown in the bottom panel (10% gel).

FIG. 4. PAK5 activates the JNK pathway. 293 cells were trans-
fected with either empty vector or 5 �g of expression vector containing
HA-tagged JNK (HA-JNK) either alone or with increasing doses of
expression vectors containing Myc-tagged PAK5 (1, 3, and 5 �g) or
expression vectors containing Rac2L61 (2.5 �g) or MEKK1� (2.5 �g).
After transient expression, cells were lysed, and the amount of HA-
JNK was normalized by Western blots probed with a mouse anti-HA
antibody. Equal amounts of HA-JNK were then immunoprecipitated
from whole-cell lysates by using a mouse anti-HA antibody and protein
A-Sepharose. The immunoprecipitates were then incubated with re-
combinant GST–c-Jun in the presence of [�-32P]ATP in in vitro kinase
buffer. Substrate phosphorylation was analyzed after SDS-PAGE and
autoradiography. The phosphorylation of GST–c-Jun is indicated. The
numbers indicate the extent (fold) of activation of JNK by PAK5,
Rac2L61, and MEKK1� as quantitated by phosphorimager analysis.
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115 cells, PAK5 is the best candidate for a cytoskeletal regu-
latory protein involved in promoting neurite outgrowth.

The mechanism by which PAK5 triggers neurite outgrowth
in N1E-115 cells remains to be elucidated. While the formation

of filopodia is clearly an important part of neurite outgrowth,
our results indicate that filopodium formation on its own is
clearly not sufficient for the production of neurites, since some
of the PAK5 (and PAK4) transfected cells had filopodia but

FIG. 5. PAK5 induces neurite outgrowth and filopodia. (A) Expression vectors containing EGFP (control) or equal amounts of PAK5,
PAK5(S573N), PAK4, PAK4(S445N), or PAK1(T423E) were transfected into N1E-115 cells. Vectors containing PAK4 and PAK5 were either
cotransfected with an EGFP vector at a 1:3 EGFP/PAK5 ratio or expressed as EGFP fusions, with similar results. PAK1(T423E) was cotransfected
with EGFP. Cells were visualized by fluorescence microscopy at 20 h after transfection. Cells were then photographed with a 	100 objective lens.
Where more than one cell is shown, the transfected cells, as observed by fluorescence microscopy, are indicated by an arrow. Cells transfected with
empty vector EGFP, PAK1(T423E), or PAK4 are shown in panels a, b, and c. Representative examples of the PAK5-, PAK5(S573N)-, and
PAK4(S445N)-expressing cells that had filopodia but not neurites are shown in panels d, e, and f. Representative examples of PAK5-,
PAK5(S573N)-, and PAK4(S445N)-expressing cells that had differentiated and extended neurites are shown in panels g, h, and i. (B) Represen-
tative fields of cells transfected with empty EGFP vector, PAK1(T423E), PAK4(S445N), or PAK5(S573N) were taken by using a 	10 objective.
The left side shows cells that were viewed under visible light and UV light together. The right side shows the same field that was viewed under
only UV light.
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not neurites. This suggests that other signaling pathways reg-
ulated by PAK5 are also required for neurite outgrowth. Our
results suggest that, like Cdc42 and Rac, PAK5 may promote
neurite outgrowth by a mechanism that is antagonistic to Rho

(19, 41, 52). We have found that overexpression of a constitu-
tively active Rho mutant, RhoV14, blocks neurite production
by activated PAK5 and that activated PAK5 can inhibit RhoA
activity. We have also found that, like Cdc42 and Rac (2, 4, 6,

FIG. 5—Continued.
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30, 54), PAK5 activates the JNK pathway. However, while JNK
has been implicated in PC12 cell differentiation (15, 16, 23), it
was shown to be dispensable for differentiation of N1E-115
cells (41), and we have found that a kinase-inactive JNK has no
inhibitory effect on neurite outgrowth triggered by PAK5. Our
results therefore suggest that JNK is part of a parallel PAK5
activated pathway and not part of the pathway leading to
morphologic changes.

The Drosophila protein MBT is quite similar to PAK5 in
sequence, especially within the kinase domain and GBD motif.
Interestingly, disruption of the mbt gene leads to a reduction in
the number of cells in the mushroom body of Drosophila brain.
MBT was therefore proposed to be involved in the regulation
of proliferation or survival of neuronal cells (28). It is inter-
esting that cell death in the developing nervous system can

result from improper connections, or lack of connections, be-
tween neurons and their targets (42). Since MBT is similar to
PAK5 in sequence, an intriguing possibility is that cell death in
mbt mutant flies might occur because cells fail to develop axons
properly and therefore fail to make their proper connections.
Another possibility is that MBT and PAK5 could specifically
trigger cell survival pathways. In this regard it is interesting that
PAK5 activated JNK, since the JNK pathway has been impli-
cated in the regulation of cell growth in mammalian cells (29),
and it is thought to contribute to both survival and apoptosis in
different parts of the brain (20).

Future work will involve identifying PAK5 substrates, as well
as determining how PAK5 is regulated by upstream activators.
Although PAK5 binds to Cdc42 and Rac, the possibility re-
mains that other GTPases can bind to the PAK5 GBD and
regulate its activity. Furthermore, extracellular stimuli that
regulate PAK5’s kinase activity have not yet been identified.
Previous studies have indicated that neurotrophic factors, such
as NGF, BDGF, NT-3, and NT-4, and chemoattractants, such
as netrin-1, can induce neurite outgrowth or regulate axon
guidance (3, 46). Such stimuli will be good candidates for
possible activators of the Rho GTPases and PAK5, as well as
other cytoskeletal regulatory proteins in mammalian cells.
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