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Guanine nucleotide exchange factors (GEFs) have
been implicated in growth factor-induced neuronal dif-
ferentiation through the activation of small GTPases.
Although phosphorylation of these GEF's is considered
an activation mechanism, little is known about the up-
stream of PAK-interacting exchange factor (PIX), a
member of the Dbl family of GEFs. We report here that
phosphorylation of p85 BPIX/Cool/p85SPR is mediated
via the Ras/ERK/PAK2 pathway. To understand the role
of p85 BPIX in basic fibroblast growth factor (bFGF)-
induced neurite outgrowth, we established PC12 cell
lines that overexpress the fibroblast growth factor re-
ceptor-1 in a tetracycline-inducible manner. Treatment
with bFGF induces the phosphorylation of p85 BPIX, as
determined by metabolic labeling and mobility shift
upon gel electrophoresis. Interestingly, phosphoryla-
tion of p85 BPIX is inhibited by PD98059, a specific MEK
inhibitor, suggesting the involvement of the ERK cas-
cade. PAK2, a major PAK isoform in PC12 cells as well as
a binding partner of p85 BPIX, also functions upstream
of p85 BPIX phosphorylation. Surprisingly, PAK2 di-
rectly binds to ERK, and its activation is dependent on
ERK. p85 BPIX specifically localizes to the lamellipodia
at neuronal growth cones in response to bFGF. A mutant
form of p85 BPIX (S525A/T526A), in which the major
phosphorylation sites are replaced by alanine, shows
significant defect in targeting. Moreover, expression of
the mutant p85 BPIX efficiently blocks PC12 cell neurite
outgrowth. Our study defines a novel signaling pathway
for bFGF-induced neurite outgrowth that involves acti-
vation of the PAK2-p85 BPIX complex via the ERK cas-
cade and subsequent translocation of this complex.
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The activities of small GTP-binding proteins (G proteins) are
tightly regulated by guanine nucleotide exchange factors
(GEFs),! GTPase-activating proteins, and guanine nucleotide
dissociation inhibitors. GEFs stimulate activation of small G
proteins by catalyzing GDP/GTP exchange. GEFs of the Dbl
family function immediately upstream of Rho family G proteins
(1), which play a critical role in cytoskeletal reorganization (2).
Recent evidence suggests a role for Rho family G proteins
during developmental neuritogenesis (3-5) and in the regener-
ation of the nervous system (6, 7). Racl and Cdc42 likely
promote neurite outgrowth through the formation of lamellipo-
dia and filopodia at growth cones, respectively (8—12). In con-
trast, RhoA mediates growth cone collapse and neurite retrac-
tion with concomitant cell rounding (13-15). Dominant
negative constructs of Racl or Cdc42 eliminate neurite exten-
sion induced by nerve growth factor (NGF) (16, 17), suggesting
that NGF can initiate intracellular signals that are conveyed to
these Rho GTPases and to their upstream GEFs (18-20).
Growth factors such as NGF and basic fibroblast growth factor
(bFGF) are potent extracellular stimuli for neurite outgrowth
in PC12 cells, a model system that has been widely used to
understand the molecular mechanism of neurite outgrowth.
Therefore, it seems reasonable to assume that bFGF also acti-
vates the specific GEFs for Racl and Cdc42. However, the
signaling pathway that links bFGF to these GEF's has not yet
been delineated.

The p2l-activated kinase (PAK) is central to cytoskeletal
changes associated with neurite outgrowth in PC12 cells (21).
The PAK family constitutes six distinct members, PAK1-6
(22), and their activities are up-regulated by interaction with
the GTP-bound forms of active Racl or Cdc42 via a specific
p21-binding domain in the N terminus (23, 24). Thus, PAK has
been thought to be a downstream effector of Racl and Cdc42. It

! The abbreviations used are: GEFs, guanine nucleotide exchange
factors; PIX, PAK-interacting exchange factor; bF'GF, basic fibroblast
growth factor; FGF, fibroblast growth factor; PAK, p21-activated ki-
nase; ERK, extracellular signal-regulated protein kinase; MAPK, mito-
gen-activated protein kinase; MEK, MAPK/ERK kinase; DN, dominant
negative; GFP, green fluorescent protein; EGFP, enhanced GFP; NGF,
nerve growth factor; DMEM, Dulbecco’s modified Eagle’s medium; FBS,
fetal bovine serum; PBS, phosphate-buffered saline; FGFR-1, FGF re-
ceptor-1; PVDF, polyvinylidene difluoride; MBP, myelin basic protein;
SH, Src homology; DH, Dbl homology; PH, pleckstrin homology; GB,
GIT1-binding; PI3-kinase, phosphatidylinositol 3-kinase; PID, PAK in-
hibitory domain; GST, glutathione S-transferase; bFGF, basic FGF.
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is somewhat surprising that Racl/Cdc42-binding deficient
PAK1 mutants induce a Rac phenotype in PC12 cells, because
this result suggests that PAK acts upstream of Racl under
certain circumstances and that its p21-binding domain is dis-
pensable (25). Consistent with this, expression of the mem-
brane targeting form of kinase-negative PAK1 also causes mor-
phological changes similar to those observed with wild type
PAK1 (26). It has been demonstrated further that the mem-
brane targeting of PAK1 is sufficient for neurite outgrowth in
PC12 cells, suggesting that the major downstream mediators of
PAK for cytoskeletal remodeling reside in the membrane.
Given that PAK functions upstream of Racl and that targeting
of PAK to the membrane is sufficient for neurite outgrowth,
elucidation of the mechanism by which PAK is targeted to the
membrane seems to be a prerequisite to understand how PAK
exerts its effect on the actin cytoskeleton.

Nck is an adaptor protein containing a single Src homology 2
(SH2) domain and three SH3 domains (27). Nck is constitu-
tively associated with PAK1, and association is mediated
through the interaction between the second SH3 domain of Nck
and the first proline-rich sequence of PAK (28—-31). On the
other hand, the SH2 domain of Nck binds with high affinity to
tyrosine-phosphorylated receptor kinases such as the platelet-
derived growth factor receptor and the epidermal growth factor
receptor (32-35). Therefore, the Nck-PAK complex might be
relocalized to the membrane by recruitment to the receptor
tyrosine kinases upon growth factor stimulation (29, 36). Mem-
brane-targeted PAK has been shown to possess an enhanced
kinase activity and to activate downstream mitogen-activated
protein kinases (MAPKSs), including ERK1 (30). However, over-
expression of Nck inhibits both the NGF- and bFGF-induced
neurite outgrowth in PC12 cells, suggesting that proteins other
than PAK are major downstream effectors and are more potent
in inducing the proliferation of PC12 cells (37). Nck-mediated
PAK translocation and activation provide a clue that SH3
adaptor molecules other than PAK might be involved in the
translocation of PAK.

Recently, the PIX (PAK-interacting exchange factor)/Cool
(cloned out of library) protein has been identified as a new
PAK-binding partner (21). PIX was first cloned as p85SPR
(SH3 domain-containing proline-rich protein) (38). The PIX
family contains two members, aPIX and BPIX. BPIX exists as
two distinct isoforms, 1 and B2, that are distinguished by the
presence of a C-terminal coiled-coil leucine zipper domain (39).
The primary B1PIX transcript can be spliced to produce three
variants, B1PIX-a, B1PIX-b, and B1PIX-c (40). Adding to the
complexity, B1PIX-a (identical to p85SPR/p85Cool-1, which we
designate p85 BPIX) can be expressed as a shorter protein,
p50Cool (41, 42). All these isoforms share SH3, Dbl homology
(DH), and pleckstrin homology (PH) domains at their N ter-
mini. The SH3 domain of PIX binds to a unique proline-rich
PAK sequence (PXXXP) located between the third and the
fourth conventional SH3-binding motif (PXXP). Through this
interaction the PIX-PAK complex gains the much higher affin-
ity (K, of 24 nm) than the Nck-PAK complex and co-localizes in
focal complex (21). Other domains of PIX, a GIT1-binding (GB)
domain and a leucine zipper domain, are tandemly arranged at
the C terminus. The GB domain is a site for interaction with
ADP-ribosylation factor-GTPase-activating proteins such as
Cat (cool-associated, tyrosine-phosphorylated), p95PKL (paxil-
lin-kinase linker), and GIT (G-protein-coupled receptor kinase-
interacting targets) (43—45). The leucine zipper domain at the
C terminus was recently shown to mediate the homodimeriza-
tion of PIX, which is essential for several features of cytoskel-
etal reorganization, such as membrane ruffles (46). «PIX has
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an additional calponin homology domain at the N terminus
compared with SBPIX.

PIX exhibits a GEF activity toward both Racl and Cdc42 in
vitro and in vivo (21). aPIX is activated by interaction with
phosphatidylinositol 3-kinase (PI3-kinase) in the signaling
pathway from the platelet-derived growth factor receptor and
from the EphB2 receptor as well as in the integrin-induced
signaling (47). As a result of this signaling, o«PIX is redistrib-
uted to the membrane by forming a complex with these recep-
tors via direct association with the p85 regulatory subunit of
PI3-kinase, and its GEF activity is enhanced by the membrane-
targeted PI3-kinase. However, little is known about the signal-
ing pathway of BPIX activation. In the present study, we show
that p85 BPIX is phosphorylated in response to bFGF, and its
upstream pathway is defined by the components Ras/Raf-1/
MEK/ERK/PAK2. p85 BPIX has been shown to be constitu-
tively associated with PAK2, a major PAK isoform in PC12
cells. Basic FGF induces phosphorylation of p85 BPIX through
activation of PAK2, which acts downstream of the Ras/ERK
cascade. Translocation of p85 BPIX to the lamellipodia at
growth cones is dependent on this phosphorylation. These re-
sults suggest that the PAK2-dependent phosphorylation of p85
BPIX is a signal for targeting of the p85 BPIX-PAK2 complex to
the lamellipodia at growth cones, where PAK2 regulates reor-
ganization of the actin cytoskeleton for bFGF-induced neurite
extension in PC12 cells.

EXPERIMENTAL PROCEDURES

Materials—[**PIH,PO, (3,000 Ci/mmol), [y-**P]ATP, and ***I-labeled
bFGF were purchased from PerkinElmer Life Sciences. Staurosporine,
calphostin C, LY294002, KN-62, K-252a, genistein, and PD98059 were
purchased from Calbiochem. Alkaline phosphatase and protein phos-
phatase 2A were purchased from Roche Molecular Biotechnology and
Upstate Biotechnology, Inc. (Lake Placid, NY), respectively. Human
recombinant bFGF, LipofectAMINE 2000, G418, and hygromycin B
were obtained from Invitrogen. Mouse monoclonal antibodies to ERK
(total ERK1/2, and phospho-specific ERK1/2) were purchased from New
England Biolabs (Beverly, MA). The glutathione-Sepharose-bound
GST-ERK1 protein was purchased from Upstate Biotechnology, Inc.
(Lake Placid, NY). Anti-PAK antibodies were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Anti-p85 BPIX antibody was
raised against the SH3 domain of p85 BPIX (46). The QuikChange
Site-directed mutagenesis kit was purchased from Stratagene (La Jolla,
CA). The Tet-on system, pEGFP-C2, pDS-RED2-C1, and anti-GFP an-
tibody were purchased from Clontech (Palo Alto, CA). PC12DN-Ras is a
gift from Dr. H. Y. Yoon (College of Medicine, Chung-Ang University,
Seoul, Korea). This cell line is a stable transfectant of pTRE-DN-Ras
encoding a dominant negative form of Ras (N17 Ras), which is ex-
pressed in a doxycycline-inducible manner.

Plasmids and DNA Constructs—FGF receptor-1 (FGFR-1) cDNA for
inducible expression was amplified by the PCR from rat FGFR-1 cDNA
(48) and cloned into EcoRI/Xbal sites of pTRE (Clontech). Primers were
used as follows: 5’ primer (5'-GAATCCATGTGGGGCTGGAGGGGC-
CTC-3’) and 3’ primer (5'-TCTAGATCAGCGCCGGTTGAGTCCG-3').
The p85 BPIX construct was amplified using mouse p85 BPIX ¢cDNA
(identical to B1PIX-a isoform) as template (38), followed by introduction
into the Xhol/EcoRI sites of pEGFP-C2 or pDS-Red2-C1 (Clontech).
PAK2 ¢cDNA was retrieved by reverse transcriptase-PCR from PC12 cell
mRNAs, using the following primers: 5’ primer (5'-AGATCTATGTCT-
GATAACGGGAGCTA-3') and 3’ primer (5'-GAATTCTTAGCGGT-
TACTCTTCATTGC-3') and subcloned into BglII/EcoRI sites of pEGFP-
C2. To express in Escherichia coli PAK1 and PAK2, ¢cDNAs were
subcloned into a pQE vector. Primers for PCR cloning were as follows:
5" primer (5'-GCATGCAAATGTCAAATAACGGCCTAGAC-3') and 3’
primer (5'-AGATCTTCTCACAGAGCTTGGCAC-3') for PAK1, and 5’
primer (5'-CCATGGCTATGTCTGATAACGGGGAGCTA-3') and 3’
primer (5'-AGATCTGCGGTTACTCTTCATTGCTTC-3') for PAK2. The
PAK2 deletion construct (residues 1-327) was generated from amplifi-
cation using the following primers, followed by subcloning into Bg/II
site of pEGFP: 5’ primer (5'-AGATCTATGTCTGATTAACGGGGAGCT-
3') and 3’ primer (5'-AGATCTAGCAAGGTACTCCATTAC-3'). To gen-
erate mutant cDNAs, mutagenesis was conducted using the QuikChange
site-directed mutagenesis kit (Stratagene) according to the manufactur-

1T0Z ‘2T leqwaldas uo ‘1sanb Ag B0 oqlmmm woly papeojumoq


http://www.jbc.org/

Signal Pathway for PIX Phosphorylation and Neurite Outgrowth

er’s recommendation. The p85 BPIX mutant (S525A/T526A) was gener-
ated by mutagenic PCR using sense (5'-GCTGTGCGCAAGGCCGCAGC-
GGCGCTGGAAGC-3') and antisense (5'-TTCCAGCGCCGCTGCGGCC-
TTGCGCACAGC-3') oligonucleotides. The PAK1 (T423E), PAK2
(T402E), and PAK2 (P185A/R186A) mutants were generated by muta-
genic PCR using sense (5'-CAGAGCAAACGGAGCGAGATGGTAGGAA-
CCCCA-3', 5'-AGCAAACGCAGTGAGATGGTTGGAACGCCA-3', and 5'-
CCCGTCATTGCCGCTGCGCCAGATCATACA-3') and antisense (5'-TG-
GGGTTCCTACCATCTCGCTCCGTTTGCTCGT-3', 5'-TGGCGTTCCAA-
CCATCTCACTGCGTTTGCT-3', and 5’-TGTATGATCTGGCGCAGCGG-
CAATGACGGG-3') primers, respectively. PAK inhibitory domain (PID)
cDNA (226-447 bp) was amplified from human PAK1 with PID5 (5'-
GAATTCCACACAATTCATGTCGG-3') and PID3 (5'-GTCGACTAGAT-
GACTTATCTGTAAAG C-3') primers and subcloned into EcoRI/Sall sites
of pEGFP-C2. pTM-MEK-S218A/S222A (dominant negative MEK1) was
kindly provided by Dr. K. C. Chung (College of Medicine, Yonsei Univer-
sity, Seoul, Korea).

Metabolic Labeling—PC12FW cells were incubated in phosphate-
free DMEM containing doxycycline (1.5 pg/ml) for 24 h and stimulated
for 4 h in the presence or absence of bFGF (10 ng/ml). During the
stimulation, cells were labeled with [**P]H,PO, (0.3 mCi/ml). After
aspiration of medium, cells were washed extensively with ice-cold phos-
phate-buffered saline (PBS; 150 mm NaCl, 10 mm Na,HPO,, 2.5 mm
KCI, 1.5 mm KH,PO,) and lysed in lysis buffer (50 mm HEPES, pH 7.5,
150 mMm NaCl, 100 mm NaF, 10% glycerol, 1% Triton X-100, 200 um
orthovanadate, 1 mm phenylmethylsulfonyl fluoride, 1 ng/ml aprotinin,
1 pg/ml leupeptin). The lysates were clarified by centrifugation for 20
min at 12,000 rpm and immunoprecipitated with anti-p85 BPIX anti-
body. Immunoprecipitates were washed five times with lysis buffer and
twice with ice-cold PBS. Each sample was resuspended in SDS-PAGE
sample buffer, boiled at 100 °C for 5 min, resolved by 8% SDS-PAGE,
and transferred to a membrane. p85 BPIX was detected by autoradiog-
raphy and confirmed by immunoblotting with anti-p85 BPIX antibody.
For labeling of pEGFP-p85 BPIX, (wild type) or pEGFP-Mp85 BPIX
(mutant type, S525A/T526A),transfected cells, the same procedure was
employed except for immunoprecipitation with anti-GFP antibody.

Cell Culture and Differentiation—PC12-tet-on cells (Clontech) were
routinely cultured on poly-L-lysine-coated tissue culture dishes in
DMEM supplemented with 10% Tet System-approved fetal bovine se-
rum (FBS) (Clontech), 2 mm glutamine, 1X antibiotics (Invitrogen), and
100 pg/ml G418. PC12FW cells were grown in the same medium sup-
plemented with 50 pg/ml hygromycin B. Prior to differentiation,
PC12FW cells were incubated in serum-free DMEM with 1.5 pg/ml
doxycycline for 24 h to induce FGFR expression. Culture medium was
then replaced by DMEM supplemented with 2% FBS, 10 ng/ml bFGF
(Invitrogen), and 1.5 pug/ml doxycycline. bFGF-containing medium was
changed every 48 h. After 2—4 days of bFGF treatment, cells showing a
typical phenotype were captured by the SPOT system with an inverted
phase contrast microscope (Fig. 1B). Transfected cells expressing green
fluorescent protein (GFP) were monitored by fluorescence with a fluo-
rescence microscope (Olympus, CK-40). bFGF-induced differentiation
was measured by scoring as positive those green cells with one or more
growth cone-tipped neurites longer than two cell bodies in length (26).
Cells from at least 10 different microscope fields of view were counted
with a fluorescence microscope.

Stable Transfection (Establishment of PCI2FW Cell Lines)—Trans-
fection was performed with the calcium phosphate transfection reagent
(Invitrogen). Briefly, 1 ug of pTK-HYG and 10 pg of pTRE-FGFR-1 were
resuspended in 0.3 ml of 2X HBS (0.5% HEPES, 0.8% NaCl, 0.1%
dextrose, 0.01% anhydrous Na,HPO,, 0.37% KCl; pH adjusted to 7.05)
and mixed with 36 ul of 2 M CaCl,. The mixture was incubated at room
temperature for 20 min prior to addition to the cells. Cells were grown
for 24 h in nonselective culture medium and then replaced by complete
DMEM containing 250 pg/ml hygromycin B (Invitrogen). After 14 days
of culture in the hygromycin B-containing medium, hygromycin B-
resistant colonies were isolated and transferred to 96-well plates. The
selected colonies were subcloned to obtain populations of single cells,
and selection pressure was maintained subsequently in the presence of
50 pg/ml hygromycin B and 100 ug/ml G418. To measure expression
levels of FGFR-1, a receptor binding assay was conducted. Cells were
incubated with 0.2 ng/ml *#*I-labeled bFGF in binding buffer (DMEM,
0.1% bovine serum albumin, 25 mm HEPES, pH 7.5) for 3 h at 4 °C and
washed twice with a solution of 1.6 M NaCl in PBS, pH 7.5. To release
125].]abeled bFGF from FGFR-1, cells were incubated in a solution of 2
M NaCl in PBS, pH 4.0, for 5 min. Expression levels of FGFR-1 were
calculated by counting radioactivity of released '**I-labeled bFGF. Non-
specific binding was determined in the presence of unlabeled recombi-
nant bFGF.
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Transient Transfection—PC12FW cells were seeded on sterilized
glass coverslips that had been pre-coated with 20 pg/ml poly-L-lysine
(Sigma) and inserted into 6-well plates (1 X 10° cells/well). For trans-
fection and localization of proteins, PC12FW cells were induced to
differentiate in complete media containing 10 ng/ml bFGF for 48 h and
transfected with pEGFP-p85 BPIX or various vector constructs using
LipofectAMINE 2000 (Invitrogen) according to the manufacturer’s in-
structions. Transfected cells were incubated in DMEM containing 2%
FBS in the presence or absence of 10 ng/ml bFGF for 24-48 h. Cells
were washed three times with PBS and fixed in 4% paraformaldehyde/
PBS for 15 min. After fixation the coverslips were washed twice in PBS
and mounted onto a glass slide with gelvatol. Fluorescence was visual-
ized with a laser confocal microscope (MRC-1024, Bio-Rad). We usually
obtained 60-70% transfection efficiency, except for pEGFP-Mp85 BPIX
(mutant type, S525A/T526A) of ~30%, as determined by counting the
number of fluorescence positive cells relative to the total number of cells
per field (X200).

Inhibition of p85 BPIX Phosphorylation by Protein Kinase Inhibi-
tors—PC12FW cells were pre-treated with the following various inhib-
itors: PD98059 (50 uMm), staurosporine (200 nm), K-252a (200 nm),
LY294002 (50 um), calphostin C (2 pum) or KN-62 (10 um) for 1 h and
stimulated with 10 ng/ml bFGF for 1 h. At the end of the incubation
period, cells were washed in ice-cold PBS and solubilized in lysis buffer.
The lysates were boiled for 5 min, resolved by 8% SDS-PAGE, and
transferred to a PVDF membrane. Mobility shift of p85 BPIX on elec-
trophoresis was detected by immunoblotting with anti-p85 BPIX
antibody.

Dephosphorylation of p85 BPIX by Phosphatases—PC12FW cells
were starved in serum-free DMEM containing doxycycline for 24 h.
They were then stimulated with 10 ng/ml bFGF for 1 h and solubilized
in lysis buffer. Cell lysates were incubated with alkaline phosphatase
(25- 100 units/100 wl) and protein phosphatase 2A (2 units/100 ul) in
dephosphorylation buffer (50 mm Tris-HCI, 0.1 mm EDTA, pH 8.5, 10
ug/ml aprotinin, and 10 pg/ml leupeptin) for 30 min at 30 °C. The
reaction was terminated by adding 2X SDS-PAGE sample buffer, fol-
lowed by immunoblotting with anti-p85 BPIX antibody.

PAK2 Assay—PC12FW cells were stimulated with 10 ng/ml bFGF for
the indicated times and lysed in the lysis buffer described under “Met-
abolic Labeling.” Cell lysates were immunoprecipitated with anti-PAK2
antibody. Immunoprecipitated PAK2 was incubated in kinase buffer
(50 mm HEPES, pH 7.5, 10 mm MgCl,, 2 mM MnCl,, 0.2 mM dithiothre-
itol, and 100 um ATP) containing 5 ug of myelin basic protein (MBP)
and 10 uCi of [y-*?PJATP for 30 min at 30 °C. The reaction was termi-
nated by adding 2X SDS-PAGE sample buffer. Phosphoproteins were
resolved by 10% SDS-PAGE, transferred to a PVDF membrane, and
exposed to x-ray film.

In Vitro Binding—GST and His-tagged PAK1 and PAK2 proteins
were expressed in E. coli (DH5« and M15) according to the manufac-
turer’s instruction, respectively. Equal amounts of GST or GST-ERK1
beads were incubated with bacterial lysates containing PAK1-His or
PAK2-His for 1 h at room temperature in the lysis buffer described
under “Metabolic Labeling.” The beads were washed with the lysis
buffer, resuspended in 2X SDS-PAGE sample buffer, boiled for 5 min,
and then resolved by 10% SDS-PAGE. The gel was transferred to a
PVDF membrane and immunoblotted with anti-His or anti-GST
antibodies.

Immaunoprecipitation and Immunoblotting—Cells were washed twice
with PBS and lysed in the same lysis buffer described under “Metabolic
Labeling” for 1 h at 4 °C. Proteins were immunoprecipitated with each
antibody for 3 h at 4 °C. The immunoprecipitates were collected by
addition of protein A- or G-Sepharose and washed 5 times with lysis
buffer and 2 times with PBS. Samples were fractionated by SDS-PAGE
and transferred to a PVDF membrane in a Tris/glycine/methanol buffer
(25 mM Tris-base, 200 mM glycine, 20% methanol). Membranes were
blocked with 3% skim milk in PBS for 1 h, incubated with primary
antibodies for 1 h at room temperature, and then washed 3 times (10 min
each) with PBS containing 0.1% Tween 20. Membranes were blotted with
secondary horseradish peroxidase-conjugated antibodies for 1 h at room
temperature. After 5 washes with PBS and 0.1% Tween 20, signals were
detected using ECL reagent (Amersham Biosciences). In some cases,
membranes were stripped and reprobed with different antibodies.

RESULTS

Establishment of an in Vitro PC12 Cell Line Model in Which
Differentiation Is Accelerated by bFGF Stimulation—To inves-
tigate the molecular mechanism of bFGF-induced neuronal
differentiation, we established a model system using PC12
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F16. 1. Inducible expression of
FGFR-1 and its effect on the bFGF-
induced morphological differentia-
tion of PC12 cells. A, parental PC12-
tet-on cells and PC12 cells (FWs)
overexpressing FGFR-1 were incubated
in the receptor binding assay buffer con-
taining '**I-labeled bFGF for 3 h at 4 °C.
Expression levels of FGFR-1 were meas-
ured as described under “Experimental
Procedures.” The FW-B clone was se-
lected for further study and designated
PCI12FW. B, the morphological changes
in parental PC12-tet-on cells and
PC12FW cells during differentiation are
compared. Both cells were grown on B
DMEM with 10% FBS (Tet system-
approved FBS). To induce FGFR-1 ex-
pression, PC12FW cells were starved for
1 day in serum-free DMEM in the pres-
ence of 1.5 pg/ml doxycycline. The cul-
ture medium was then replaced by
DMEM containing 10% FBS plus 10
ng/ml bFGF and changed every 48 h.
At the indicated times, the cells were
photographed under a phase contrast
inverted microscope (magnification,
%x200).

PC12-Tet-on

PCI2FW

cells. Although parental PC12 cells have been widely used as a
model system for differentiation, it has several drawbacks. For
instance, it generally takes 5—7 days to observe the fully dif-
ferentiated phenotype induced by bFGF. Thus, we made PC12
cell lines that overexpress the FGFR-1 upon induction by tet-
racycline (doxycycline). By the criterion of the receptor binding
assay, a stable cell line (FW-B in Fig. 1, designated PC12FW)
whose expression levels of FGFR-1 are 12 times as high as
those of parental PC12-tet-on cells (Clontech) was selected for
further analysis (Fig. 1A). Both PC12-tet-on cells and PC12FW
cells in the absence of doxycycline have a similar small round
shape (Fig. 1B). However, following doxycycline-induced over-
expression of FGFR-1 and subsequent exposure to bFGF for 1
day, PC12FW cells exhibit morphological changes comparable
with those of PC12-tet-on cells treated for 3—4 days, indicating
that neurite extension is accelerated much more than in control
PC12-tet-on cells. At the end of day 1 numerous PC12FW cells
are already spindle shaped and have extended neurites whose
length is ~2-fold greater than that of cell body. With further
bFGF treatment PC12FW cells present conspicuous neurite
elongation and form a neural network on days 3—4. In contrast,
the neurites of PC12-tet-on cells at days 3—4 are still irregu-
larly shaped and short. Fully developed neurites were observed
after longer exposure (>1 week) (data not shown). These re-
sults demonstrate that PC12FW cells can serve as a highly
efficient model system to elucidate the bFGF signaling path-
way for neuronal differentiation.

Basic FGF Induces p85 BPIX Phosphorylation—Phosphoryl-
ation of GEF's such as Vav and Tiam-1 in response to extracel-
lular stimuli is an important mechanism by which they are
activated for cellular functions (49, 50). Evidence indicates that
p85 BPIX also exists as a phosphoprotein (21), suggesting that
p85 BPIX might be activated through phosphorylation in a
similar manner. Thus, we determined whether bFGF induces
p85 BPIX phosphorylation. PC12FW cells were metabolically
labeled with [32Plorthophosphate and then immunoprecipi-
tated with anti-p85 BPIX antibody. As illustrated in Fig. 24, a
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strongly labeled band migrating at 85 kDa was observed only in
immunoprecipitates from bFGF-stimulated cells (lane 3). Cor-
respondingly, the mobility of this band was slower than that of
the p85 BPIX from unstimulated cells (lane 2). Several bands
unidentified as yet were also observed, suggesting that other
proteins might be associated with the p85 BPIX complex. We
next examined the dose- and time-dependent response of
bFGF-induced p85 BPIX phosphorylation. Cells were serum-
starved and induced to overexpress FGFR-1 by treatment with
doxycycline for 24 h. They were then stimulated with bFGF,
and lysates were Western-blotted. Basal levels of weak phos-
phorylation were observed, as determined by the presence of a
slowly migrating p85 BPIX band, even when cells were not
stimulated (Fig. 2B). Basic FGF stimulates an upward shift in
the mobility of p85 BPIX, which appears early, at 15 min. The
levels of this band reach a peak at 1 h, are sustained until 4 h,
and thereafter gradually decline over 24 h. This p85 BPIX
mobility shift is detectable at concentrations of 5 ng/ml bFGF
and is maximal at 50 ng/ml (Fig. 2C).

To confirm that the bFGF-induced shift of p85 BPIX is
caused by phosphorylation, cell lysates were treated with alka-
line phosphatase, a nonspecific phosphatase, and were sub-
jected to Western blot analysis with anti-p85 BPIX antibody.
When cells were stimulated with bFGF, as shown in Fig. 2B, a
more slowly migrating form of p85 BPIX appears (Fig. 2D, lane
2). With increasing concentrations of alkaline phosphatase, the
intensity of the upper band correspondingly decreases (lanes
3-5). These results indicate that p85 BPIX indeed migrates
slowly due to phosphorylation. Next, to determine whether
bFGF-dependent phosphorylation of p85 BPIX is primarily on
tyrosine or serine/threonine residues, cell lysates were treated
with protein phosphatase 2A, which dephosphorylates only
phosphoserines and phosphothreonines. Treatment with pro-
tein phosphatase 2A, as with alkaline phosphatase, causes a
similar change in the intensity of the upper phosphorylated
band of p85 BPIX (Fig. 2E). However, genistein pretreatment
does not have any significant effect on this shift (data not
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Fic. 2. Basic FGF stimulates the
phosphorylation of p85 PIX on mul-
tiple serine/threonine residues. A, au-
toradiogram of phosphorylated p85 BPIX.
PC12FW cells were starved for 20 h in
phosphate-free DMEM containing 1.5
png/ml doxycycline to induce overexpres-
sion of FGFR-1 and incubated with 0.3
mCi/ml [**Plorthophosphate in the ab-
sence (lane 2) or presence (lane 3) of 10
ng/ml bFGF for 4 h. [*2P]Orthophosphate-
labeled p85 BPIX was immunoprecipi-
tated with anti-p85 BPIX antibody, sepa-
rated by 8% SDS-PAGE, and detected by
autoradiography. B and C, time- and dose-
dependent mobility shift of p85 BPIX.
PC12FW cells were stimulated with 10
ng/ml bFGF for the indicated times (B) or
incubated with the indicated concentra-
tions of bFGF for 1 h (C). Cell lysates were
resolved by 8% SDS-PAGE and immuno-
blotted with anti-p85 BPIX antibody. D
and E, PC12FW cells were starved in se-
rum-free DMEM containing doxycycline
for 24 h and then treated with 10 ng/ml
bFGF for 1 h. Equal amounts of proteins
were incubated with the indicated concen-
trations of alkaline phosphatase (D) or
protein phosphatase 2A (2 units/100 ul)
(E) in a dephosphorylation buffer for 30
min. The reaction was terminated by the
addition of SDS sample buffer. The reac-
tion mixture was subjected to 8% SDS-
PAGE analysis and immunoblotted with
anti-p85 BPIX antibody.

66 —

45 -

Doxycycline  — +
bFGF  — -

shown). These results indicate that the bFGF-induced mobility
shift of p85 BPIX is due to phosphorylation on multiple serine/
threonine residues.

p85 BPIX Is Phosphorylated via the Ras/[ERK Cascade—To
identify the signaling pathway for bFGF-induced p85 BPIX
phosphorylation, we used several inhibitors as follows:
PD98059, a specific inhibitor of MEK; staurosporine and
K-252a, broad spectrum inhibitors of protein kinases;
LY294002, a specific inhibitor of PI3-kinase; calphostin C, a
specific inhibitor of protein kinase C; and KN-62, a selective
inhibitor of CaM kinase II. Cells were pretreated with each
inhibitor for 1 h prior to stimulation with bFGF, and then
alterations in the electrophoretic mobility of p85 BPIX were
examined. The upward shift of p85 BPIX is suppressed by
PD98059, staurosporine, or K-252a but not by L.Y294002, cal-
phostin C, or KN-62 (Fig. 3A). Although staurosporine or
K-252a affects the mobility of p85 BPIX, calphostin C (a specific
protein kinase C inhibitor) does not. This might be due to a
nonspecific effect of staurosporine or K-252a on the intermedi-
ate kinase(s) that functions upstream of p85 BPIX. An inhibi-
tory effect of PD98059 on the shift is dose-dependent (Fig. 3B).
PD98059 at 50 um almost completely blocks the bFGF-induced
shift. These results suggest that the Ras/ERK cascade pathway
specifically regulates p85 BPIX phosphorylation. To confirm
the specificity of the ERK pathway on the p85 BPIX mobility
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shift, a plasmid (pTM-MEK-S218A/S222A) encoding a domi-
nant negative form of MEK1 was introduced. Expression of
dominant negative MEK1 significantly attenuates the bFGF-
induced phosphorylation of ERK1/2 (Fig. 3C, lane 4 on the
bottom panel). Under these conditions the intensity of the up-
per slowly migrating p85 BPIX band returns to the basal un-
stimulated level (top panel), indicating that the phosphoryla-
tion of p85 BPIX is downstream of MEK activity. We further
determined whether Ras acts upstream of MEK in this signal-
ing pathway by using a stable cell line (PC12DN-Ras) that
expresses dominant negative Ras (N17 Ras) in a doxycycline-
dependent manner. Expression of dominant negative Ras and
its effect are evident as determined by the inhibition of the
bFGF-induced activation of ERK1/2 (Fig. 3D, bottom panel).
Basic FGF treatment results in the appearance of the slowly
migrating form of p85 BPIX, indicating that p85 BPIX is phos-
phorylated (lane 2). However, when the expression of dominant
negative Ras is induced by doxycycline, the bFGF-induced shift
in the mobility of p85 BPIX is abolished (lane 4). Taken to-
gether, these results indicate that bFGF-induced p85 BPIX
phosphorylation is mediated via the Ras/ERK cascade.

PAK?2 Acts Downstream of ERK in p85 BPIX Phosphoryla-
tion—It has been reported (21) that PAK is an upstream kinase
of p85 BPIX. From the observation that the bFGF-induced shift
in the mobility of p85 BPIX is restored by pretreatment with
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Fic. 3. The signal pathway of bFGF-induced p85 BPIX phos-
phorylation. A and B, PC12FW cells were pretreated with PD98059
(50 uMm), staurosporine (200 nm), K-252a (200 nm), LY294002 (50 um),
calphostin C (2 pum), or KN-62 (10 uM) (A) or with the indicated concen-
trations of PD98059 for 1 h at 37 °C (B). Cells were then stimulated
with 10 ng/ml bFGF for 1 h. Inhibition of the electrophoretic mobility
shift of p85 BPIX was analyzed by immunoblotting with anti-p85 BPIX
antibody. C and D, cells were transiently transfected with a plasmid
encoding a dominant negative form of MEK1 (DN-MEK) using Lipo-
fect AMINE 2000 (C), or stable transfectants (PC12DN-Ras) expressing
dominant negative Ras in a doxycycline-inducible manner were used
(D). Phosphorylation of p85 BPIX was analyzed as described above (top).
ERK activation was analyzed by immunoblotting with anti-phospho-
specific ERK1/2 antibody, which specifically recognizes active ERK
(bottom).

staurosporine or K-252a (Fig. 3A), we speculated that an uni-
dentified target of these inhibitors might be PAK. We therefore
postulate PAK as the kinase that links ERK and p85 BPIX.
First, to determine which PAK isoform is dominantly expressed
in PC12 cells, immunoprecipitation and immunoblotting were
conducted using specific antibodies against each PAK (PAK1-
3). PAK2 was identified as a major isoform (data not shown),
consistent with the previous result (26). To test whether PAK2
is activated in response to bFGF, a kinase assay was performed

Signal Pathway for PIX Phosphorylation and Neurite Outgrowth

using MBP as a substrate. PAK2 activity reaches a peak at 15
min following bFGF treatment, 3.5-fold higher than that of the
control and returns to a basal level at 1 h (Fig. 44). Immuno-
blotting with anti-PAK2 antibody shows that similar amounts
of PAK2 were immunoprecipitated for the kinase reaction. We
next determined whether bFGF-induced PAK2 activation is
relevant for p85 BPIX phosphorylation. PAKs including PAK2
have an autoinhibitory domain (PID), which overlaps in part
with the p21-binding domain in their N-terminal regulatory
domain. PID binds to and negatively regulates the PAK activ-
ity (61). A GST-PID fusion form thus has been employed suc-
cessfully to inhibit PAK activity in vitro and in vivo (51). Under
the same principle we constructed a plasmid (pEGFP-PID)
encoding GFP-PID fusion protein, whose expression can be
easily monitored under a fluorescence microscope. Cells were
transfected with this plasmid, and its effect on PAK2 activity
was evaluated (Fig. 4B). Basic FGF stimulates PAK2 activation
(top, lane 2), which is efficiently blocked by expression of GFP-
PID (lane 4), validating the inhibitory effect of GFP-PID. Sim-
ilar amounts of PAK2 were immunoprecipitated (middle) and
GFP and GFP-PID are expressed at similar levels (bottom). We
undertook the same approach to test whether PAK2 is a medi-
ator of p85 BPIX phosphorylation. In the control pEGFP-trans-
fected cells bFGF stimulates an upward shift of the p85 BPIX
band (Fig. 4C, top, lanes 1 and 2). However, expression of
GFP-PID returns this retarded mobility to that seen in un-
stimulated cells (lanes 3 and 4). Interestingly, inhibition of
PAK2 activation by expression of GFP-PID does not influence
bFGF-induced ERK activation (bottom, lanes 2 and 4), which is
consistent with a previous report (25) that PAK does not act
upstream of ERK in PC12 cells. These results indicate that
PAK2 indeed functions upstream of p85 BPIX in the bFGF
signaling pathway. Furthermore, although a number of studies
have demonstrated that PAK acts upstream of MAPK in a
variety of responses (22), our results suggest that ERK may act
upstream rather than downstream of PAK2. To determine
whether this is the case, we measured PAK2 activity in the
presence of PD98059 or following transfection with pTM-MEK-
S218A/S222A encoding a dominant negative form of MEK1
(DN-MEK). Basic FGF treatment induces a 3.8-fold increase in
PAK2 activity (Fig. 5A), which is consistent with the result
described above in Fig. 4A. PD98059 pretreatment results in
the inhibition of the PAK2 activity by 60% (lane 3). Expression
of DN-MEK also causes down-regulation of bFGF-stimulated
PAK2 activation in similar levels (lane 5). These results sup-
port the idea that PAK2 activation is downstream of ERK. To
resolve further the above issue we undertook another ap-
proach. Cells were transfected with pCMV6 (empty vector),
pCMV6-PAK1 (T423E) encoding active Myc-PAK1, or pCMV6-
PAK2 (T402E) encoding active Myc-PAK2, and then p85 BPIX
phosphorylation and ERK activation were examined. Expres-
sion of active PAK1 or PAK2 results in p85 BPIX phosphoryl-
ation as determined by the retarded mobility of p85 BPIX, a
change that is comparable with that induced by bFGF in cells
transfected with an empty vector (Fig. 5B, top). However, ac-
tive PAK1 or PAK2 does not affect ERK activation (middle,
lanes 3 and 4). These results indicate that both PAK1 and
PAK2 do not act upstream of ERK in PC12 cells. We next
determined whether ERK and PAK2 form a complex. To this
end, immunoprecipitation and Western blotting were per-
formed. As shown in Fig. 5C, anti-PAK2 immunoprecipitate
contains ERK1 and ERK2 (lanes 1 and 2). Conversely, anti-
ERK immunoprecipitate reveals the presence of PAK2 (lanes 3
and 4). p85 BPIX can be seen in immunoprecipitates with
either anti-PAK2 or anti-ERK, supporting the idea that ERK is
indeed a constituent of the previously known PAK2-PIX com-
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Fic. 4. p85 BPIX phosphorylation is A
PAK2-dependent. A, basic FGF stimu-
lates activation of PAK2 in PC12FW cells.
Cells were treated with 10 ng/ml bFGF
for the indicated times at 37 °C. Cell ly-
sates were then immunoprecipitated with
anti-PAK2 antibody. Immunoprecipitated
PAK2 was incubated with MBP and
[v-*?P]ATP in kinase assay buffer and
subjected to SDS-PAGE analysis. Phos-
phorylated MBP was visualized by auto-
radiography (top). To monitor equal load-
ing of PAK2, immunoblotting with
anti-PAK2 antibody was performed (bot-
tom). B, PC12FW cells were transiently
transfected with pEGFP (control) or
pEGFP-PID. Twenty four h after trans- B
fection cells were incubated for 1 h in the
absence or presence of 10 ng/ml bFGF.
Lysates were then processed as described 1 )
above in A for PAK2 kinase assay. Phos-
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PAK2 (middle) or with anti-GFP antibody
for expression of GFP and GFP-PID (bot-
tom) was performed. C, PC12FW cells
were transfected and processed as de-
scribed above in B. Phosphorylation of
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(bottom) were analyzed by immunoblot- w &
ting with anti-p85 BPIX, anti-GFP, and
anti-phospho-specific ERK antibodies,
respectively.

plex. However, these interactions are independent of bFGF
stimulation. To confirm that ERK, PAK2, and p85 BPIX are
constitutively associated, pMyc-PAK1 (wild type PAK1) or
pEGFP-PAK2 (wild type PAK2) was introduced into PC12FW
cells, followed by immunoprecipitation and blotting analysis.
Results similar to those illustrated in Fig. 5C were obtained
from pEGFP-PAK2-transfected cells (Fig. 5D, lanes 3 and 4).
However, PAK1 forms a complex only with p85 BPIX but not
with ERK (lanes 1 and 2). Because these results strongly sug-
gest that ERKs may directly bind to PAK2, we tested whether
ERK1 and PAK2 bind in vitro using purified ERK1 and bacte-
rially expressed PAK2. GST beads co-precipitated with neither
PAK1-His nor PAK2-His (Fig. 5E, middle, lanes 1 and 3). In
contrast, GST-ERK1 beads associated with PAK2-His but not
with PAK1-His (lanes 2 and 4). Thus, PAK2 can play a role in
linking ERK to p85 BPIX. We next determined which portion of
PAK2 is responsible for its specific binding with ERK1. Be-
cause the in vitro binding study indicates that only PAK2
shows direct interaction with ERK1, and the amino acid se-
quences for the C-terminal kinase domains of PAK1 and PAK2
are highly homologous, our speculation is that the N terminus
of PAK2 might be involved in binding. To test this idea, we
generated a PAK2 deletion construct (amino acids 1- 327) en-
coding the N-terminal regulatory domain and an initial part of
kinase domain to maintain the structural integrity. We then
transfected two constructs for this deletion form and full-length
PAK2 into PC12FW cells and determined whether they specif-
ically bind to GST-ERK1 using GST pull-down assay. As shown
in Fig. 5F, both short deleted and full-length PAK2 bind to
ERKI1 (lanes 2 and 4), suggesting that the N-terminal regula-
tory domain is essential for binding with ERK1. Collectively,
these results suggest that the bFGF-induced phosphorylation
of p85 BPIX is achieved via the ERK/PAK2 pathway and that
phosphorylation depends on the formation of a multimeric com-
plex consisting of ERK-PAK2-p85 BPIX.

Translocation of the p85 BPIX Complex to the Lamellipodia

= +  bFGF

- - GFP

— pERK2

=+ bFGF
GFP-PID
+ 4+ = - GFP

+  GFP-PID =

at Growth Cones Is Both ERK- and PAK2-dependent—It has
been reported that the p85 BPIX-PAK complex co-localizes in
the lamellipodia or membrane ruffle (21, 38). It was therefore
assumed that the ERK/PAK2-dependent phosphorylation of
p85 BPIX plays a role in the relocalization of this complex. We
first determined whether targeting of the p85 BPIX-PAK com-
plex is regulated in a bFGF stimulus-dependent manner. To
monitor both expression and localization of p85 BPIX, we made
a plasmid construct encoding p85 BPIX fused to the fluorescent
protein GFP (GFP-p85 BPIX). Expression and localization of
these proteins were analyzed by laser confocal microscopy.
Cells underwent differentiation for 48 h prior to transfection of
plasmids encoding GFP-p85 BPIX and GFP as a control. When
cells are cultured in the absence of bFGF, diffuse staining is
seen (Fig. 64, a and e). In cells expressing GFP-p85 BPIX and
treated with bFGF, strong bright fluorescence can be seen
concentrated at the lamellipodia of growth cones, which resem-
ble nascent sprouts (b and c¢). Furthermore, when bFGF is
reintroduced into cells deprived of bFGF for 48 h starting from
the transfection, a similar fluorescent pattern of multiple
sprouts reappears (d). In control pEGFP-transfected cells, how-
ever, no such changes are observed (f and g). These results
indicate that p85 BPIX is translocated to the lamellipodia at
growth cones in response to bFGF. Because our co-immunopre-
cipitation data showed that PAK2-p85 BPIX association is not
significantly affected by bFGF stimulation (Fig. 5C), we exam-
ined whether the translocated p85 BPIX at growth cones co-
localizes with PAK2. PC12FW cells were co-transfected with
pDS-Red-p85 BPIX and pEGFP-PAK2, which encode red fluo-
rescent protein-p85 BPIX and GFP-PAK2, respectively. In the
absence of bFGF, growth cone-like structures do not form at the
tip of extending neurites (Fig. 6B, a—c). In contrast, bFGF
treatment causes not only growth cones to form but also both
red (p85 BPIX) and green (PAK2) fluorescence to specifically
localize to these sites. Merged images show that p85 BPIX and
PAK2 are almost identically distributed (Fig. 6B, f). Particu-
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Fic. 5. PAK2 activation is ERK1/2-dependent. A, PC12FW cells were pretreated with 50 um PD98059 for 1 h or transfected with a plasmid
encoding a dominant negative form of MEK1 (DN-MEK) prior to stimulation with 10 ng/ml bFGF. Phosphorylated MBP was visualized by
autoradiography (top). Immunoblotting with anti-PAK2 (middle) and anti-phospho-specific antibodies (bottom) was performed to confirm equal
loading of PAK2 and to monitor the inhibitory effect of PD98059 and DN-MEK, respectively. B, control pCMV6 (empty vector), pPCMV6-PAK1 for
active Myc-PAK1 (T423E), or pCMV6-PAK2 for active Myc-PAK2 (T402E) was transiently introduced into PC12FW cells. Lysates were subjected
to SDS-PAGE, and immunoblotting was then conducted with anti-p85 BPIX (top), anti-phospho-specific ERK (middle), and anti-Myc antibody
(bottom), respectively. C, ERK is associated with the p85 BPIX-PAK2 complex. Cells were either unstimulated or stimulated with 10 ng/ml bFGF
and then immunoprecipitated with anti-PAK2 (lanes 1 and 2) or anti-total ERK antibodies (lanes 3 and 4). Immunoprecipitates were Western-
blotted with anti-PAK2 (top), anti-total ERK (middle), and anti-p85 BPIX antibodies for equal loading (bottom), respectively. D, ERK specifically
interacts with the p85 BPIX-PAK2 complex but not with the Myc-PAK1 complex. Cells were transfected with pCMV6-Myc-PAK1 (wild type PAK1)
or pPEGFP-PAK2 (wild type PAK2) and immunoprecipitated (IP) with anti-Myc (lanes I and 2) or anti-GFP antibodies (lanes 3 and 4).
Immunoprecipitates were analyzed by Western blotting with anti-Myc or anti-GFP (top), anti-total ERK (middle), and anti-p85 BPIX antibodies
(bottom), respectively. E, full-length PAK1 and PAK2 were expressed as His-tagged proteins in E. coli. Equal amounts of purified GST or
GST-ERK1 bound to glutathione-Sepharose beads (20 ul) were mixed with bacterial lysates (50—100 pg) and rinsed with washing buffer
extensively (1 ml, 10X). Beads and lysates were subjected to Western analysis with anti-GST or anti-His antibodies. F, full-length PAK2 and a
short deletion form of PAK2 were expressed as GFP-fusion proteins in PC12FW cells. Equal amounts of purified GST or GST-ERK1 bound to
glutathione-Sepharose beads (20 ul) were mixed with cell lysates (50—100 pg) and rinsed with washing buffer extensively (1 ml, 10X). Beads were
subjected to Western analysis with anti-GFP or anti-GST antibodies.

larly interesting is that they co-localize to the lamellipodia at
growth cones of developing neurites. These results support the
previous observation that p85 BPIX and PAK2 do not dissociate
upon bFGF stimulation and suggest that they rather move as a
unit in response to bFGF and promote growth cone formation
through the regulation of actin dynamics.

To determine whether p85 BPIX translocation is mediated
via the activation of the ERK/PAK2 pathway, PC12FW cells

were pretreated with PD98059 or co-transfected with pEGFP-
PID plus pDS-Red-p85 BPIX prior to stimulation with bFGF. In
the absence of PD98059, strong fluorescence of p85 BPIX was
seen at growth cones. However, PD98059 pretreatment pre-
vents p85 BPIX accumulation at the same location (data not
shown). Basic FGF-induced translocation of red fluorescent
protein-p85 BPIX is similar to that of GFP-p85 BPIX (Fig. 6C,
a and e). When PAK2 is inhibited by the expression of GFP-
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Fic. 6. Translocation of the p85
BPIX complex during bFGF-induced
differentiation. A, PC12FW cells were
cultured on poly-L-lysine-coated cover-
slips and induced to differentiate in com-
plete medium containing 10 ng/ml bFGF
for 48 h and then transfected with pEGFP
(control) or pEGFP-p85 BPIX. Trans-
fected cells were cultured in the absence
of bFGF for 24 h. bFGF was reintroduced
to the cells for the indicated times except
for d in which bFGF deprivation contin-
ued for the next 24 h; cells were then
stimulated for 3 h. Localization of green
fluorescence for p85 PBPIX was deter-
mined using laser confocal microscopy.
Time schedule for transfection and bFGF
treatment is shown at the bottom. B, cells
were differentiated for 48 h in the pres-
ence of bFGF, and co-transfected with
pDS-Red-p85 BPIX (wild type p85 BPIX)
and pEGFP-PAK2 (wild type PAK2).
Cells were then cultured in the absence or
presence of 10 ng/ml bFGF for 24 h. To
determine their respective patterns of lo-
calization, transfected cells expressing
both p85 BPIX and PAK2 were selected
and analyzed as described above. C, cells
were differentiated for 48 h and then
transfected with pDS-Red-p858PIX only
or pDS-Red-p85BPIX plus pEGFP-PID.
24 h after transfection, cells were left un-
treated or treated with 10 ng/ml bFGF for
24 h. Localization of fluorescence was de-
termined as described above. Images
show red fluorescence for p85 BPIX and
green fluorescence for GFP-PID, respec-
tively. Note the presence of green fluores-
cence in the periphery. D, mutant PAK2
(P185A/R186A) is defective in transloca-
tion to the lamellipodia at growth cones.
PC12FW cells were transfected with
pEGFP-PAK2 (wild type, WT) or pEGFP-
MPAK2 (mutant type, P185A/R186A). Ly-
sates were immunoprecipitated with anti-
GFP antibody, followed by Western
analysis with anti-p85 BPIX (top, left) or
anti-GFP antibody (bottom, left). To as-
sess translocation potential, cells were al-
lowed to differentiate for 48 h and then
transfected with a plasmid for either wild
or mutant PAK2 (P185A/R186A). 24 h af-
ter transfection, cells were left untreated
(a and b, right) or treated (¢ and d, right)
with 10 ng/ml bFGF for 24 h at 37 °C.
Localization of fluorescence was deter-
mined as described above. Representative
images from more than three independ-
ent experiments are shown here. The
scale bar, 10 pm.
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PID, specific targeting of red fluorescence (p85 BPIX) to the
lamellipodia at growth cones disappears (Fig. 6C, b and f).
Instead, the cytoplasm diffusely stains red. This is more obvi-
ous in the merged picture where most of the cytoplasm stains
yellow, representing the co-localization of PID and p85 BPIX,
and the periphery stains green, representing the presence of
only PID (Fig. 6C, d and h). These results indicate that the
bFGF-induced translocation of p85 BPIX depends on the activ-
ity of both ERK and PAK2. To address further the issue
whether PAK2-p85 BPIX binding is essential for translocation
of this complex, we made a construct for the PAK2 mutant that
is not able to bind to p85 BPIX. Because Pro-193 and Arg-194 in
PAK1 are essential for binding with SH3 domain of PIX (52)
and these two residues are conserved in PAK2, they were
mutagenized to alanines. Expectedly, this mutant PAK2
(P185A/R186A) shows no significant binding to p85 BPIX com-
pared with that of wild type PAK2 (Fig. 6D, left). We thus
transfected the plasmids for wild and mutant PAK2 and com-
pared their translocation capability. Accumulation of green
fluorescence representing wild type PAK2 is shown at the
neurite tips in response to bFGF (Fig. 6D, a and c¢). In contrast,
mutant PAK2 is rarely observed at the similar area of neurites
(Fig. 6D, b and d). Moreover, mutant PAK2-transfected cells
frequently exhibit a morphological change, i.e. slender neurites
with pointed ends, resembling those seen in cells whose growth
cones retract in response to harmful stimuli. Taken together,
these results suggest that PAK2 binding to p85 BPIX as well as
PAK2-mediated activation of p85 BPIX are essential for target-
ing of this complex to the lamellipodia at growth cones.

p85 BPIX Phosphorylation Correlates with Its Translocation
and Neurite Outgrowth—PAK2 activation correlates with both
phosphorylation (Fig. 4B) and translocation (Fig. 6C) of p85
BPIX. It has been reported recently (39) that the major PAK1-
mediated phosphorylation sites of p85 BPIX map to Ser-525
and Thr-526. Therefore, using a mutant p85 BPIX (S525A/
T526A) whose serine 525 and threonine 526 residues are re-
placed by alanine, we examined by metabolic labeling whether
PAK2-mediated p85 BPIX phosphorylation also takes place at
these sites. PC12FW cells were transfected with pEGFP-p85
BPIX (wild type) or pEGFP-Mp85 BPIX (mutant type, S525A/
T526A) prior to labeling of cells with [*2P]orthophosphate. Ly-
sates were then immunoprecipitated with anti-GFP antibody.
Wild type p85 BPIX shows basal levels of phosphorylation in
unstimulated cells (Fig. 7A, lane 1). bFGF treatment causes an
increase in p85 BPIX phosphorylation, which is consistent with
data shown in Fig. 2A. In contrast, no band corresponding to
wild type p85 BPIX was seen in cells transfected with pEGFP-
Mp85 BPIX (Fig. 7A, lanes 3 and 4). Immunoblotting with
anti-GFP reveals the expression of both wild type and mutant
p85 BPIX (bottom). These results indicate that PAK2-mediated
p85 BPIX phosphorylation also involves Ser-525 and Thr-526.

To determine whether p85 BPIX phosphorylation at Ser-525
and Thr-526 is functionally linked to translocation of the PIX
complex and neurite outgrowth, we assessed whether mutant
p85 BPIX could be properly targeted to the lamellipodia at
growth cones, and we examined its effect on neurite outgrowth.
In cells expressing wild type p85 BPIX (GFP-p85 BPIX), the
protein localizes to the lamellipodia at growth cones following
bFGF stimulation (Fig. 7B, a and c), which is consistent with
the result shown in Fig. 6A. However, mutant p85 BPIX (GFP-
p85 BPIX S525A/T526A) rarely accumulates at these locations
(b and d), indicating that p85 BPIX phosphorylation at these
two residues is critical for targeting of the p85 BPIX complex.
Furthermore, we were unable to observe growth cone-like
structures in cells expressing mutant p85 BPIX at higher lev-
els. To test whether p85 BPIX phosphorylation is required for

Signal Pathway for PIX Phosphorylation and Neurite Outgrowth

neurite outgrowth, we transfected PC12FW cells with a plas-
mid encoding either wild type or mutant p85 BPIX and as-
sessed differentiation by neurite outgrowth. Wild type p85
BPIX promotes neurite formation at ~2-fold greater efficiency
than does a GFP control (Fig. 7C, bottom). Cells expressing
wild type p85 BPIX also extend numerous neurites (top center).
In contrast, neurite extension is significantly blocked by the
mutant p85 BPIX, at a level of half that of a GFP control. Cells
expressing mutant p85 BPIX have deformed shapes with short
neurites compared with surrounding untransfected cells, in
which more than 70% are scored as differentiation positive
(Fig. 7C, top right). These results suggest that p85 BPIX phos-
phorylation at the Ser-525 and Thr-526 residues mediates
translocation of the p85 BPIX complex to the lamellipodia at
growth cones and that disruption of this process results in an
inhibition of neurite outgrowth induced by bFGF.

DISCUSSION

The role of the ERK pathway in neurite extension has been
extensively studied in the PC12 cell model (53, 54). Upon
stimulation by the growth factors such as bFGF and NGF, ERK
is activated in a Ras- and a Rapl-dependent manner (55, 56),
followed by translocation to the nucleus where it regulates
transcriptional activity. Evidence indicates that in addition to
the nuclear targets, ERK also activates a number of cytoplas-
mic proteins independent of nuclear signaling (57). Moreover, it
has been shown that an artificially ERK2-MEK1 fusion protein
strongly localizes to the extending processes of neurites (58),
where p85 BPIX also accumulates during PC12 cell differenti-
ation (Fig. 6). These results suggest that ERK action at the site
of neurite extension is also as important as its activities in the
nucleus and that its potential substrates might be the PAK2-
p85 BPIX complex. In this respect, our discovery of the PAK2-
p85 BPIX complex as a downstream mediator of ERK explains
how bFGF promotes neurite outgrowth via the Ras/ERK cas-
cade. It is noteworthy that the ERK cascade couples two im-
portant signaling pathways of Ras and PAK2 for PC12 cell
neurite outgrowth. PAK2 is activated following bFGF treat-
ment, and its activity is inhibited by PD98059 pretreatment or
expression of dominant negative MEK1 (Figs. 4A and 5A).
Phosphorylation of p85 BPIX is both ERK- and PAK2-depend-
ent (Figs. 3 and 4B). Based on our observations and those from
other laboratories (21, 25, 26), we therefore speculate that ERK
first activates PAK2, which in turn phosphorylates p85 BPIX
(summarized in Fig. 8). First, in our transfection study PAK2
immunoprecipitate contains ERK and p85 BPIX, whereas in
the PAK1 immunoprecipitate only p85 BPIX is present (Fig.
5D). Because it has been well documented that both PAK1 and
PAK2 bind p85 PBPIX through their PIX-binding motif
(PXXXP), this result strongly suggests that PAK2 but not
PAK1 directly binds to ERK. Indeed, it has been confirmed by
in vitro binding study (Fig. 5E). Furthermore, this physical
interaction can also resolve the issue of how the ERK cascade
specifically signals to this complex. Second, transfection stud-
ies with wild type and mutant PAKSs in PC12 cells showed that
PAK activation does not correlate with the activation of ERK
and JNK, indicating that at least these MAPKs are not down-
stream of PAK1 (25) or PAK2. However, p85 BPIX is strongly
phosphorylated by introduction of an active PAK1 or PAK2
(Fig. 5B), as determined by mobility shift, which is in agree-
ment with a previous report that PAK phosphorylates p85
BPIX (21). Third, comparison of phosphopeptide maps of p85
BPIX obtained in vivo and in vitro (not shown) made it unlikely
that p85 BPIX is a substrate of ERK.

PAK2 is regulated in a number of ways. During hyperosmo-
larity-induced apoptosis PAK2 is cleaved via a caspase-depend-
ent mechanism, which releases the catalytically active C-ter-
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Fic. 7. Defective translocation of mutant p85 BPIX (S525A/T526A) and its effect on neurite outgrowth. A, mutant p85 BPIX is not
metabolically labeled with [*?Plorthophosphate. PC12FW cells were transfected with pEGFP-p85 BPIX (wild type, WT) or pEGFP-Mp85 BPIX
(mutant type, S525A/T526A). Cells were then processed as described in Fig. 2A except for immunoprecipitation with anti-GFP antibody. The
immunoprecipitates were separated by 8% SDS-PAGE, transferred to a nylon membrane, and detected by autoradiography. To identify p85 BPIX,
the same blot was probed with anti-GFP antibody, and the result was compared with that from autoradiography. B, mutant p85 BPIX is defective
in translocation to the lamellipodia at growth cones. PC12FW cells were allowed to differentiate for 48 h and then transfected with pEGFP-p85
BPIX or pEGFP-Mp85 BPIX. 24 h after transfection, cells were left untreated (¢op) or treated (bottom) with 10 ng/ml bFGF for 24 h at 37 °C.
Localization of fluorescence was determined as described above. Bar, 10 um. C, mutant p85 BPIX inhibits bFGF-induced neurite outgrowth.
PC12FW cells were transfected with pEGFP (control), pEGFP-p85 BPIX, or pEGFP-Mp85 BPIX. 24 h after transfection, cells were cultured for
differentiation in complete medium containing 10 ng/ml bFGF for 48 h at 37 °C. Representative images of fluorescence micrographs were captured
by the SPOT system (Diagnostic Instruments Inc., fop). Typical cells expressing fluorescent proteins are marked (arrowhead). Inhibition of
bFGF-induced neurite outgrowth was determined by comparing the percentage of differentiated cells with neurites longer than two body lengths
in total green cells. Green cells in at least 10 different microscope fields of view were counted (>10 cells/field) (bottom). Values represent mean *+
S.D. from three independent experiments.

minal kinase domain of PAK2 (59). Human immunodeficiency
virus, type 1, Nef associates with and activates PAK2 (60, 61),
which contributes to the pathogenicity of human immunodefi-
ciency virus infection. Recently, it has been shown that c-Abl
and PAK2 functionally interact (62). In this interaction PAK2-
activated c-Abl down-regulates PAK2 activity, suggesting the
existence of a negative feedback loop between these two pro-
teins. The present study adds to the repertoire of PAK2 regu-

lation through association with ERK. According to a model for
PAK1 activation, multiple events are required for the full ac-
tivation of inactive PAK1 (63). Phosphorylation of two con-
served residues, Ser-144 and Thr-422, plays a key role in this
process. Because Ser-141 and Thr-402 of PAK2 (analogous to
Ser-144 and Thr-422 of PAK1, respectively) are well conserved,
it appears that PAK2 is activated by a mechanism similar to
that of PAK1 activation. Considering that ERK is a kinase that
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Fic. 8. A model for the role of p85 BPIX in the bFGF signal
transduction for neurite outgrowth. Upon bFGF stimulation the
Ras/ERK cascade pathway is activated. It has been suggested recently
that the ERK cascade could also be activated in a Rapl-dependent
manner, particularly for sustained activation of ERK in PC12 cells.
Both ERK and PAK2 function upstream of p85 BPIX phosphorylation.
Our observations suggest that ERK acts upstream of PAK2 by associ-
ating with the PIX complex in which p85 BPIX interacts with PAK2 and
p95 family members. Although PAK2 is a direct upstream kinase for
p85 BPIX, it is unlikely that ERK is also involved directly in p85 BPIX
phosphorylation. Recent evidence indicates that PIX is required for the
recruitment of p95-APP1 to the Rab11-positive endosomes (71). In this
model we propose that p85 BPIX phosphorylation is a targeting signal
for the PIX complex. Therefore, ERK and PAK2 activities are essential
for this process. This idea is supported by the finding that inhibition of
the activities of these two enzymes blocks not only translocation of the
PIX complex but also bFGF-induced neurite outgrowth. However,
PAK2 activity does not seem to be required for its action at the mem-
brane. Phosphorylation-induced conformational changes in p85 BPIX
may involve p95 family members (see text for details). At present it is
not clear whether Racl or Cdc42 actively participates in translocation
or simply acts as a passive binding partner through interaction with
PAK at the membrane (26, 71).

0o T

Translocation of PIX complex

acts immediately upstream of PAK2, ERK-mediated PAK2
phosphorylation may exert a major influence on PAK2 activa-
tion. The N-terminal regulatory domain functions to repress
catalytic activity of PAK. Thus, conformational changes in-
duced by caspase-mediated proteolytic release of or direct bind-
ing of various lipids to this region can relieve the repression
(59, 64). Analogous to this activation mode, ERK-mediated
PAK2 phosphorylation, presumably in the N-terminal regula-
tory domain, may induce a conformational change in PAK2,
resulting in activation of PAK2. Binding of Racl- or Cdc42-GTP
to the p21-binding domain can also relieve the N terminal-
mediated repression. In this case, ERK may contribute to the
initial activation of PAK2, which remains in a partially active
state, followed by the late activation step via interaction with
Racl- or Cdc42-GTP, which leads to full activation by
transphosphorylation of Thr-402. Given this scenario, it is con-
ceivable that in contrast to the negative feedback loop shown
for the PAK2-c-Abl interaction, a positive feedback loop may
operate for PAK2 activation in an ERK-PAK2 complex. How-
ever, the kinetics of PAK2 activation shows only a single peak
at 15 min and not a second peak at a later stage (Fig. 4A). It has
also been reported that growth factor-mediated Racl-GTP is
not responsible for activation of PAK (45), suggesting that
there is no interaction between PAK2 in the PAK2-p85 BPIX
complex and bFGF-mediated Racl- or Cdc42-GTP. It is there-
fore likely that the late activation step mentioned above does
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not occur in bFGF-induced PAK2 activation. Alternatively,
ERK may phosphorylate serine/threonine(s) in the kinase do-
main of PAK2. Indeed, multiple sites are compatible with an
ERK consensus phosphorylation sequence of (S/T)P. An exam-
ple for this activation mechanism is 3-phosphoinositide-de-
pendent kinase 1 (PDK1)-mediated phosphorylation of PAK1
on threonine 422 in the activation loop of PAK1 (65). Because
threonine 422 is masked by the regulatory domain in the inac-
tive “closed” state, the activation loop of PAK1 should be ex-
posed to PDK1 prior to phosphorylation by PDK1. Thus, PDK1
needs an accessory factor such as sphingosine to allow access to
its substrate. In a similar manner ERK-mediated PAK2 phos-
phorylation may require a preceding event. Further studies are
necessary to understand the mechanism by which PAK2 is
activated by ERK.

It has been well documented that PAK plays a pivotal role in
neurite outgrowth (25, 26). Recruitment of PAK to target sites,
including growth cones in PC12 cells, is critical for its biological
function. However, the mechanism whereby PAK is relocated
has not been defined. Although Nck-mediated targeting of
PAK1 to the membrane has been suggested as a potential
mechanism for PC12 cell neurite outgrowth, this does not seem
to be the case (26, 37). Another candidate molecule for PAK2
targeting is p85 BPIX. We demonstrated that PAK2 and p85
BPIX are constitutively associated and that their translocation
to the lamellipodia at growth cones as monitored by the local-
ization of fluorescent p85 BPIX (GFP-p85 BPIX) occurs in a
bFGF-dependent manner (Fig. 6). In conjunction with the re-
sults from other laboratories, we thus propose a PIX adaptor
model, in which we describe the role of p85 BPIX in bFGF-
induced neuritogenesis (Fig. 8). In this p85 BPIX-mediated
targeting model, PAK2 activation is essential for translocation
of the PAK2-p85 BPIX complex. Inhibition of PAK2 activity by
expression of PID causes retention of this complex in the cy-
tosol (Fig. 6C). Furthermore, the mutant p85 BPIX (S525A/
T526A) exhibits significant defect in targeting to the lamelli-
podia at growth cones (Fig. 7B). Consistent with this, bFGF-
induced neurite extension is significantly blocked by
expression of PID (data not shown) or of the mutant p85 BPIX
(Fig. 70). It has been reported that the affinity of PAK1 for PIX
is regulated by PAKI1 activation levels (45). The PAK1-PIX
complex dissociates if PAK1 is autophosphorylated at Ser-198
and Ser-203, which promotes PAK1 cycling from the focal com-
plex back to the cytosol. Our observations that PAK2 is still
present in p85 BPIX immunoprecipitates and that PAK2 and
p85 BPIX co-localize at growth cones following bFGF stimula-
tion suggest that PAK2 may not be strongly activated to lose its
affinity for p85 BPIX. Indeed, PAK2 activity increases 3—4-fold
over basal levels in response to bFGF, whereas active GTP-
bound Racl or Cdc42 induces PAK activation greater than
100-fold (63). In this regard PAK2 in the p85 BPIX complex
may not be a downstream target of Racl or Cdc42. It is more
likely that PAK2 and Racl/Cdc42 behave independently and
execute their specific functions by regulating different effec-
tors. Alternatively, the affinity of PAK2 for p85 BPIX might be
regulated in a way different from that of PAKI.

The next step, how PAK2-mediated p85 BPIX phosphoryla-
tion is translated into a targeting signal for this complex,
remains unclear. Accumulating evidence indicates that phos-
phorylation of GEFs of the Dbl family on Ser/Thr and Tyr
residues is important for GEF activities. The Dbl family PH
domains are considered to regulate the GEF activity of the
adjacent DH domains through phosphoinositide interaction
and phosphorylation. In the inactive state the PH domain
bound to phosphatidylinositol 4,5-phosphate contacts the DH
domain, masking the Racl-binding site and exerting an inhib-
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itory effect on the GEF activity of the DH domain (66). In the
presence of phosphatidylinositol 3,4,5-phosphate, a PI3-kinase
product (67), and tyrosine phosphorylation by Src-related ki-
nases (49), the constraint on the DH domain is relieved. The
DH and PH domains of p85 BPIX, however, behave independ-
ently in solution, unlike the cognate domains of other Dbl
family members (66), suggesting that the p85 BPIX DH domain
is regulated somewhat differently. In this context Manser et al.
(21) reported that PIX phosphorylation does not seem to corre-
late with the GEF activity of PIX toward Racl, raising the
possibility that another downstream target(s) is functionally
relevant for PIX phosphorylation-mediated cellular functions.
Recently, a family of proteins that interact with PIX through
the GB domain has been discovered. p95-APP1, a member of
this family, links the PIX complex to paxillin (68), which is a
critical component of focal adhesion. Paxillin is phosphorylated
by various stimuli including growth factors, and its phospho-
rylation is involved in targeting to focal adhesion (69) or cell
migration (70). Our data (not shown) revealed the presence of
phosphorylated paxillin in the p85 BPIX immunoprecipitate in
response to bFGF. This has prompted us to speculate that
because p85 BPIX phosphorylation is bFGF stimulus-depend-
ent, phosphorylation-induced conformational changes in p85
BPIX may generate a new interaction between p85 BPIX and
paxillin via p95-APP1, which results in recruitment of this
complex to the lamellipodia at neuronal growth cones where
Racl-mediated organization of actin is actively underway (71).
The data that Racl and p95-APP1 co-localize and Racl activity
is required for p95-APP1-induced protrusions support this idea
(68). Moreover, p95PKL, which shows a high degree of homol-
ogy to p95-APP2 (99% identical at both the protein and nucle-
otide levels), also mediates recruitment of the PAK-PIX com-
plex to focal adhesion through an association with paxillin LD4
motif. In this case activation of the adaptor function of PAK,
presumably leading to PAK-induced PIX phosphorylation, is
required for unmasking of p95PKL paxillin-binding subdomain
2 to bind to paxillin. In contrast, Zhao et al. (45) proposed that
GIT1 promotes focal adhesion disassembly, which is not due to
recruitment of PAK-PIX complex. This might be due to its
unique ability to interact with FAK, which serves to facilitate
focal complex turnover. Thus, utilizing distinct members of this
family, cells can precisely regulate various cellular functions
including cell adhesion and motility through focal adhesion
dynamics. PC12 cells can regulate cytoskeletal reorganization
required for neurite outgrowth in a similar way, which involves
the precise temporal-spatial activation of the p85 BPIX complex
and the p95 family members as its downstream effectors.

In conclusion, the present study provides evidence that the
bFGF-induced phosphorylation of p85 BPIX is mediated
through the Ras/ERK/PAK2 pathway and that this phospho-
rylation is the signal for recruitment of the PAK2-p85 BPIX
complex to the lamellipodia at growth cones where PAK2 pro-
motes neurite outgrowth by regulating actin dynamics. It
seems likely that this signaling pathway is also involved in
NGF-induced neuritogenesis. Further studies on the identifi-
cation of the translocation machinery for this complex will
provide more insight into the molecular mechanism of bFGF-
induced neurite outgrowth.
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