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Neuron polarization is essential for the formation of one axon
and multiple dendrites, establishing the neuronal circuitry.
Phosphoinositide 3-kinase (PI3K) signaling promotes axon
selection and elongation. Here we report in hippocampal neu-
rons siRNA knockdown of the proline-rich inositol polyphos-
phate 5-phosphatase (PIPP), which degrades PI3K-generated
PtdIns(3,4,5)P;, results in multiple hyperelongated axons
consistent with a polarization defect. We identify collapsin
response mediator protein 2 (CRMP2), which regulates axon
selection by promoting WAVEI1 delivery via Kinesin-1 motors
to the axon growth cone, as a PIPP-interacting protein by Y2H
screening, direct binding studies, and coimmunoprecipitation
of an endogenous PIPP, CRMP2, and Kinesin-1 complex from
brain lysates. The C-terminal growth cone-targeting domain of
PIPP facilitates its interaction with CRMP2. PIPP growth cone
localization is CRMP2-dependent. PIPP knockdown in PC12
cells promotes neurite elongation, WAVE1 and Kinesin-1
growth cone localization, whereas knockdown of CRMP2
exhibits the opposite phenotype, with shorter neurites and
decreased WAVE1/Kinesin-1 at the growth cone. In contrast,
CRMP2 overexpression promotes neurite elongation, a phe-
notype rescued by full-length PIPP, or expression of the
CRMP2-binding PIPP domain. Therefore this study identi-
fies PIPP and CRMP2 exert opposing roles in promoting axon
selection and neurite elongation and the complex between
these proteins serves to regulate the localization of effectors
that promote neurite extension.

Neurons are highly polarized cells that contain one long
axon, which transmits information, and multiple shorter den-
drites, which receive information (1, 2). The formation of axon/
dendrite polarity is critical for normal brain function. Neurons
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form networks connecting via synapses to other neurons, by
extending axons in a process of neurite outgrowth and elonga-
tion. An actin-rich area at the tip of extending neurites, called
the growth cone, enables neurite extension. Many signaling and
actin regulatory factors function at the growth cone to promote
neurite outgrowth and extension (2).

The phosphoinositide 3-kinase (PI3K)/Akt signaling path-
way promotes both neuronal polarity and neurite extension. In
response to nerve growth factor (NGF) stimulation PI3K phos-
phorylates PtdIns(4,5)P.,> to form PtdIns(3,4,5)P5, a lipid signal
that promotes neurite differentiation (3). In elongating neurons
PtdIns(3,4,5)P, activates Rho GTPases Cdc42 and Racl that in
turn regulate growth cone actin dynamics facilitating growth
cone advancement (4, 5). PtdIns(3,4,5)P; also binds and acti-
vates the serine/threonine kinase Akt, which phosphorylates
numerous targets, including Tau, GSK3p, Ezrin, and Pakl to
regulate neuronal polarity, neurite outgrowth, and elongation
(6, 7). GSK3p is inactivated by Akt phosphorylation (8) in the
nascent growth cone (7, 9, 10). GSK3p effectors include
CRMP2 (11, 12) and adenomatous polyposis coli (10, 13), which
promote microtubule polymerization in the nascent axon driv-
ing neurite elongation (14).

Termination of PI3K/Akt signaling is mediated by
PtdIns(3,4,5)P; degradation by two pathways, either by the
3-phosphatase PTEN, or the inositol polyphosphate 5-phos-
phatases, forming PtdIns(4,5)P, or PtdIns(3,4)P,, respectively
(15). PTEN inhibits hippocampal neuron differentiation and
plays a central role in promoting and maintaining neuronal
polarity. The inositol polyphosphate 5-phosphatases contain
10 mammalian members, and many degrade PtdIns(3,4,5)P; to
form PtdIns(3,4)P, and thereby inhibit Akt signaling (16, 17).
Two family members, the proline-rich inositol polyphosphate
5-phosphatase (PIPP) and the SH2 domain 5-phosphatase
(SHIP2), inhibit NGF-stimulated PI3K/Akt-dependent neurite
elongation (16, 17). RNAi knockdown of PIPP in PC12 cells

3 The abbreviations used are: PtdIns(4,5)P,, phosphatidylinositol 4,5-bisphos-
phate; Ptdins(3,4,5)P,, phosphatidylinositol 3,4,5-trisphosphate; CRMP,
collapsin response mediator protein; KHC, Kinesin heavy chain; KLC, Kine-
sin light chain; GSK3 3, glycogen synthase kinase 33; N-WASP, neural Wis-
kott-Aldrich syndrome protein; PIPP, proline-rich inositol polyphosphate
5-phosphatase; PRD, proline-rich domain; WAVE1, WASP family verprolin-
homologous protein 1; Y2H, yeast two-hybrid; QRT, quantitative reverse
transcription.
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enhances NGF-stimulated microtubule polymerization, lead-
ing to increased PtdIns(3,4,5)Ps;, phospho-Ser*”*-Akt, and
phospho-Ser®-GSK3p at the growth cone (16). Therefore PIPP,
by degrading PtdIns(3,4,5)P,, reduces Akt activation at the
growth cone, inhibiting neurite extension.

5-Phosphatases act as inhibitors of PI3K/Akt signaling
via their central 5-phosphatase domain that degrades
PtdIns(3,4,5)P;, and concomitantly complex via their SH2- or
proline-rich domains with other signaling proteins. No such
interactions have yet been identified for PIPP, a relatively
uncharacterized family member, which contains a central
5-phosphatase catalytic domain flanked by extensive N- and
C-terminal proline-rich domains. Here we identify PIPP inter-
acting partners as CRMP2 and tubulin by Y2H screening of
brain libraries. CRMP2 is a neuronal adaptor protein that inter-
acts with many binding partners, promoting axon polarity, neu-
rite outgrowth, and elongation (18, 19). PIPP and CRMP2 both
independently bind B-tubulin and form a multiprotein com-
plex with the motor protein, Kinesin-1. CRMP2 is essential
for the proper localization of PIPP to the growth cone, how-
ever, PIPP opposes CRMP2-mediated neurite elongation
and localization of its actin regulatory effector, WAVEL, to
the growth cone. Collectively, these studies identify PIPP
complexes with and opposes the function of CRMP2 to
inhibit neurite elongation.

EXPERIMENTAL PROCEDURES

Materials—DNA-modifying and restriction enzymes were
obtained from MBI Fermentas (Burlington, Canada), New Eng-
land Biolabs (Beverly, MA), or Promega (Madison, WI). Oligo-
nucleotides were from Micromon (Monash University, Austra-
lia) or Geneworks (Adelaide, Australia). Big Dye version 3.1
sequencing terminators were purchased from Invitrogen. Cell
lines were from American Type Culture Collection. Alexa Fluor
488-, Alexa Fluor 594-, Alexa Fluor 568-, or Alexa Fluor 647-
conjugated anti-mouse or rabbit antibodies and Texas Red-
conjugated or Alexa Fluor 488-conjugated phalloidin were
from Molecular Probes (Eugene, OR). Antibodies utilized
include anti-CRMP2 (IBL, Hamburg, Germany), anti-HA
monoclonal (Covance, Richmond, CA), anti-HA polyclonal
(Upstate Biotechnology, Waltham, MA), anti-FLAG M2
(Sigma), anti-GST (Amersham Biosciences), anti-MAP2 (Sigma),
anti-Tau-1 (Chemicon, Billerica, MA), anti-B-tubulin (Zymed
Laboratories Inc., San Francisco, CA), anti-Myc (Cell Signaling,
Beverly, MA), anti-WAVEL (Santa Cruz Biotechnology, Santa
Cruz, CA), and anti-Kinesin heavy chain (KHC)(Chemicon).
All other reagents were from Sigma or BDH Chemicals (Kilsyth,
Australia) unless otherwise stated.

PIPP-specific Antibodies—A PIPP-specific antipeptide anti-
body (PIPP-AB1) was generated and characterized as previ-
ously described (16). In addition, a PIPP-specific polyclonal
antibody (PIPP-AB2) was raised in New Zealand White rabbits
to purified full-length recombinant GST-tagged PIPP protein
expressed in COS1 cells (supplemental Fig. S1). PIPP-AB2 anti-
bodies were affinity purified by incubating immune sera with
GST-PIPP glutathione-Sepharose and eluting antibodies using
0.1 M glycine, pH 2.5. PIPP-specific monoclonal antibodies
(PIPP-AB3 and PIPP-AB4) were raised against purified full-
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length recombinant GST-tagged PIPP by EMBL (Heidelberg,
Germany).

Plasmids and Cloning—pGEX-5.1 was purchased from
Amersham Biosciences. pCGN (20) was a kind gift from Tony
Tiganis (Monash University, Australia). pGBKT7-SKICH/
PRD-2 was generated by PCR amplification using primers 5'-
GCGAATTCATGCTGTTTGCCTTCAGG-3' and 5'GCGA-
ATTCTCAGGGCCCCAAACCCCCTTC-3" and cloned into
the EcoRI site of pGBKT7 (Clontech, Mountain View, CA) in-
frame with the GAL4 DNA-binding domain bait. pPCGN-PIPP
has been described previously (16). To generate pCGN-SKICH/
PRD-2, the region encoding SKICH/PRD-2 (2179-3012 bp)
was PCR amplified using the 5" primer 5'-GCGGATCCTGA-
TGCTGCAGTTTGCCTTCAGG-3" and 3’ primer 5'-GCG-
GATCCTCAGGGCCCCAAACCCCCTTC-3' and subcloned
into the BamHTI site of pCGN in-frame with the N-terminal HA
tag. pRK5-CRMP1 and other CRMP family constructs are as
described (11, 21). pCMV5-GSK3B(S9A) has been described
previously (22).

siRNA Design and Construction—Three DNA sequences
specific for rat PIBSPA, identified using the Ambion “siRNA
target finder,” were used as template for synthesizing siRNA
for PIPP knockdown in hippocampal neurons. Double-
stranded siRNA was generated from DNA oligonucleotides
using the Silencer siRNA construction kit (Ambion, Foster
City, CA) according to the manufacturer’s instructions. Tem-
plate sequences were as follows: PIPP1-antisense, 5'-AAG-
GACCAGCTCAACATGGCCCCTGTCTC-3', PIPP1-sense,
5'-AAGGCCATGTTGAGCTGGTCCCCTGTCTC-3', scram1-
antisense, 5'-AACGCAGGGAAACTCGCCCATCCTGT-
CTC-3’, scraml-sense, 5'-AAATGGGCGAGTTTCCCTGC-
GCCTGTCTC-3’, PIPP2-antisense, 5'-AACTTCCGCATTG-
AGAGCTATCCTGTCTC-3’, PIPP2-sense, 5'-AAATAGCT-
CTCAATGCGGAAGCCTGTCTC-3’, scram2-antisense, 5'-
AATTCGTCCGACGATTAGATCCCTGTCTC-3’, scram2-
sense, 5'-AAGATCTAATCGTCGGACGAACCTGTCTC-3/,
PIPP3-antisense, 5'-AACCTACAGACACAAGAAAGCCCT-
GTCTC-3’, PIPP3-sense, 5'-AAGCTTTCTTGTGTCTGTA-
GGCCTGTCTC-3', scram3-antisense, 5'-AAGTAAAGCAC-
ACAACGACCACCTGTCTC-3’, scram3-sense, 5'-AAT-
GGTCGTTGTGTGCTTTACCCTGTCTC-3'. For siRNA in
PC12 cells, Qiagen siRNA duplexes (AllStars negative control,
PIPP target sequence AAGGACCAGCTCAACATGGCC or
CRMP?2 target sequence AAACTCCTTCCTCGTGTACAT)
were labeled with Cy3 using the Silencer® siRNA Labeling Kit
(Ambion) according to the manufacturer’s instructions.

Analysis of PIPP Knockdown by Quantitative RT-PCR—RNA
was extracted from PIPP or control siRNA-transfected PC12
cells using the RNeasy Miniprep kit (Qiagen, AL) and cDNA
synthesized using the AffinityScript QPCR cDNA Synthesis kit
(Agilent, La Jolla, CA) according to the manufacturer’s instruc-
tions. QRT-PCR was performed using the Brilliant II SYBR
Green QPCR Master Mix kit (Agilent) with PIPP or GAPDH-
specific QuantiTect Primer Assays (Qiagen) according to the
manufacturer’s instructions. Reactions were performed in trip-
licate in a Corbett 3000 Rotor Gene Cycler using the following
conditions: 1 cycle at 95 °C for 10 min, 40 cycles at 95 °C for 30 s
and 60 °C for 1 min. Relative expression of PIPP compared with
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GAPDH was calculated using the AAC, method as described
(23).

Hippocampal Neuron Preparation and Transfection—Hip-
pocampal neuron cultures were prepared from pregnant
Sprague-Dawley rats (Monash University Animal Ethics num-
ber BAM/B/2004/47) at day 18 gestation as described (24), with
slight modifications. Briefly, following dissection hippocampi
were digested in 0.25% trypsin in Hank’s balanced salt solution
at 37 °C for 15 min. Cells were manually dissociated by tritura-
tion using a fire-polished Pasteur pipette and plated onto 0.01%
poly-L-lysine-coated coverslips at a density of 5 X 10° to 1 X
10°/mm?>. Following adherence of cells to coverslips, plating
media (minimal essential medium, 10% fetal calf serum, 0.6%
glucose, penicillin/streptomycin) was replaced with Neuro-
basal media with B27 supplement and 0.5 mMm glutamine. Pri-
mary hippocampal neurons were transfected with Cy3-labeled
siRNA oligonucleotides using Lipofectamine 2000™. Neurons
were fixed in 4% paraformaldehyde, 0.12 M sucrose in PBS for 20
min.

PCI2 Culture, Transfection, and Neurite Elongation Analysis—
PC12 cells were maintained in DMEM containing 10% fetal calf
serum (FCS), 5% horse serum, 2 mm L-glutamine, 100 units/ml
of penicillin, and 0.1% streptomycin. Cells were transfected
with plasmid constructs either by electroporation or with Lipo-
fectamine LTX. For electroporation, cells were resuspended in
200 pl of the above medium. A 50-ul mixture containing 5 pg of
DNA, 0.15 M NaCl was added to the cells and electroporated at
0.2 kV, 0.975 microfarad. The cells were added to 8 ml of the
above medium and incubated at 37 °C with 5% CO, overnight
then plated onto 0.01% poly-L-lysine-coated coverslips. For
transfection with Lipofectamine LTX, 0.5 g of DNA (0.2 ug of
FLAG-CRMP2) and 0.5 ul of PLUS reagent were diluted in 100
ul of Opti-MEM, incubated for 10 min at room temperature,
and 1.25 ul of Lipofectamine LTX added. The mixture was
incubated for 25 min at room temperature then added to PC12
cells plated on 13-mm 0.01% poly-L-lysine-coated coverslips in
a 24-well dish with 0.5 ml of DMEM, 10% FCS, 5% horse serum
and incubated at 37 °C overnight. Transfected cells were differ-
entiated in DMEM containing 1% horse serum and 100 ng/ml
of NGF for 3 days. For transient transfections with siRNA
duplexes, 160 pmol of labeled siRNA and 10 ul of Lipo-
fectamine were diluted in 500 ul of Opti-MEM, incubated 20
min, then added to PC12 cells plated in a 6-well dish with 2 ml
of DMEM, 10% ECS, 5% horse serum. Cells were incubated
overnight at 37 °C, plated onto 0.01% poly-L-lysine-coated cov-
erslips, and differentiated in DMEM, 1% horse serum and 50
ng/ml of NGF for 3 days. For transient co-transfections with
plasmid constructs and siRNA duplexes, 1 ug of plasmid DNA,
70 pmol of labeled siRNA, and 2 ul of Lipofectamine 2000 were
each diluted in 100 ul of Opti-MEM and incubated for 5 min.
The DNA/siRNA and Lipofectamine 2000 mixtures were then
combined, incubated for 20 min at room temperature, and
added to PC12 cells plated in a 12-well dish with 1 ml of DMEM,
10% FCS, 5% horse serum. Cells were incubated overnight at
37 °C, plated onto 0.01% poly-L-lysine-coated coverslips, and
differentiated in DMEM, 1% horse serum, and 50 ng/ml of NGF
for 3 days.
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COS-1 Culture and Transfection—COS-1 cells were main-
tained in DMEM supplemented with 10% FCS, 2 mm L-glu-
tamine, 100 units/ml of penicillin, and 0.1% streptomycin. For
transient transfection, 200 ul of DEAE-dextran/chloroquine
(400 wg/ml of DEAE-dextran, 100 uM chloroquine), 5 ug of
DNA, and 5 ml of serum-free DMEM was added to a 50% con-
fluent 10-cm dish and incubated 2 h at 37 °C. Cells were treated
with 10% dimethyl sulfoxide/PBS for 2 min at room tempera-
ture and then incubated in DMEM, 10% fetal calf serum for 2
days at 37 °C.

Yeast Two-hybrid Analysis—The yeast two-hybrid Match-
maker III GAL4-based system (Clontech) was used for all yeast
two-hybrid studies. AH109 yeast expressing the pGBKT7-
SKICH/PRD-2 “bait” were transformed with the human fetal
brain library (Clontech) according to the manufacturer’s
instructions. Yeast plasmid DNA was extracted from positive
clones as described (25). Non-autonomous activation of re-
porter plasmids was confirmed by co-transformation of posi-
tive clone plasmids into p53 bait expressing yeast.

GST Pull-down Analysis and Immunoprecipitations—COS-1
cells were transiently transfected via DEAE-dextran/chloro-
quine with pEBG-PIPP or PEBG alone and pRK5-FLAG-
CRMPI, -2, or -4, grown for 2 days and then harvested in Triton
extraction buffer (20 mm Tris, pH 7.4, 150 mm NaCl, 1% Triton
X-100, 1 mm phenylmethylsulfonyl fluoride (PMSF), 1 mm
NaVO,, Roche Complete mini-protease mixture inhibitors).
Triton-soluble lysates, collected following extraction for 3 h
and centrifugation at 13,000 X gfor 10 min at 4 °C, were applied
to glutathione-Sepharose 4B beads for 4 h at 4 °C. Beads were
washed 6 times in Tris saline before immunoblotting with
FLAG antibodies. Constitutively active Myc-GSK3B(S9A) was
cotransfected in some experiments.

Brain Immunoprecipitations—Brains collected from adult
mice (Monash University Animal Ethics number BAMB/B/
2006/57) were homogenized 4 times for 20 s in 4 volumes of
lysis buffer (20 mm Tris, pH 7.4, 150 mm NaCl, 1% Triton X-100,
1 mm PMSF, 1 mm NaVO,, 1 mMm NaF, Roche Complete mini
protease mixture inhibitors). Samples were centrifuged at
100,000 X g for 1 h at 4 °C and Triton-soluble lysates were
precleared with protein A-Sepharose beads for 90 min. Triton-
soluble lysates (1-1.5 mg of protein) were incubated with pro-
tein A-Sepharose and PIPP-AB2 overnight at 4 °C. Beads were
washed twice with Tris saline, 1% Triton X-100 and then 4
times with Tris saline before immunoblotting.

Direct Binding Assays—Recombinant GST or GST-tagged
CRMP proteins were produced by induction of Escherichia coli
transformed with pGEX-5.1, pGEX-CRMPI, pGEX-CRMP2,
or pGEX-CRMP4. Cells were grown at 37 °C to an A, of 0.4
and induced with 0.05 um isopropyl 1-thio-3-p-galactopyrano-
side at 26 °C overnight. Cells were collected by centrifugation at
4°C and lysed in a 5% volume of Triton extraction buffer (20
mM Tris, pH 7.4, 150 mm NaCl, 1% Triton X-100, 1 mm PMSF,
p8849 liquid protease inhibitors (Roche Applied Science)) for
2 h. Triton-soluble lysates collected following centrifugation at
4°C at 13,000 X g were incubated with glutathione-Sepharose
4B beads (Amersham Biosciences) for 4 h. Beads were washed 6
times in Tris saline. The TNT T7 Coupled Wheat Germ Extract
System (Promega) was used as directed by the manufacturer for
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in vitro transcription/translation of Myc-SKICH/PRD2 from
pGBKT7-SKICH/PRD-2 plasmid template. One in vitro tran-
scription/translation reaction was added to each GST sample in
a 1-ml volume. Samples were incubated at 4 °C for 4 h, washed
6 times in Tris saline, and subjected to immunoblotting.

Western Blot Analysis—Primary hippocampal neuron cul-
tures or transiently transfected COS-1 cells were washed twice
in PBS, lysed in Tris saline (20 mm Tris, pH 7.4, 150 mm NaCl)
with 1% Triton X-100, 1 mm PMSF, Roche complete mini pro-
tease mixture inhibitor tablet), incubated at 4 °C for 2 h, and
ultracentrifuged at 100,000 X g for 1 h. Protein concentration
was determined using Bio-Rad DC protein assay kit. 50 ug of
protein was separated by SDS-PAGE and subjected to immu-
noblot analysis using PIPP antibodies. Relative protein levels in
each sample were determined by densitometry.

Differentiated, siRNA-transfected PC12 cells were washed
once with Tris saline and then lysed in Tris saline with 1%
Triton X-100, 1 mm EDTA, 0.2 ug/ml of aprotinin, 0.2 pug/ml of
leupeptin, 1 mm PMSF, 1 mm benzamidine, 2 mm B-glycero-
phosphate, 2 mm sodium pyrophosphate, 1 mm sodium vana-
date, 1 mm NaF for 2 h at 4°C. Lysates were centrifuged at
13,000 X g for 5 min and then the soluble fraction was immu-
noblotted using polyclonal PIPP-AB2 or monoclonal CRMP2
antibodies. Immunoblots were re-probed with a B-tubulin anti-
body as a loading control and relative protein expression was
determined by densitometry.

Indirect Immunofluorescence—Cells were fixed in 4% para-
formaldehyde, 0.12 m sucrose in PBS for 15-20 min, permeabi-
lized in 0.1% Triton X-100/PBS for 2 min, washed three times
with PBS, and blocked with 1% BSA/PBS for 15-30 min. Cells
were incubated with primary then secondary antibodies as indi-
cated for 1 h each and coverslips were mounted in Slow Fade
GOLD. Where indicated, Alexa Fluor-conjugated phalloidin
was added during the secondary antibody incubation. Cells
were viewed on a Leica TCS-NT confocal microscope with an
Ar-Kr triple-line laser at Monash Micro Imaging (Monash Uni-
versity, Australia). Graded fluorescence images were prepared
in Image] (LUT: Fire). For indirect immunofluorescence of
polymerized tubulin, tubulin monomers were extracted and
cells were fixed as previously described (26) by incubation in 60
mM PIPES, 25 mm HEPES, 10 mm EGTA, 2 mm MgCl,, pH 6.9,
4% paraformaldehyde, 0.15% glutaraldehyde, 0.2% Triton
X-100 for 15 min. Cells were prepared for microscopy, stained
with a monoclonal B-tubulin antibody, and imaged as above.

Image Analysis—Image analysis was performed using Image]
software (27) or AnalysisD. Laser attenuation settings were the
same for all images in individual experiments where fluores-
cence intensity was compared. Fluorescence intensity of phal-
loidin, WAVE1, KHC, and PIPP immunostaining in the growth
cone versus the neurite shaft was determined by outlining the
growth cone and neurite shaft of transfected cells and mea-
suring the average pixel intensity. Neurite length was calculated
by manually tracing the path of the longest neurite in each cell.
Growth cone area was measured by manually tracing around
the perimeter of the growth cone of the longest neurite. Levels
of polymerized tubulin in neurites of transfected neurites were
determined in AnalysisD by masking threshold neurites and
recording mean gray value within the masked area. Statistical
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FIGURE 1. PIPP complexes with B-tubulin. A, PIPP domains include proline-
rich (PRD-1 and PRD-2), catalytic (5-phos), and SKICH domains (S). A DNA-BD/
SKICH/PRD-2 fusion protein was used in yeast two-hybrid screening of a fetal
brain library identifying CRMP1 (@amino acids 431-572) and Bll-tubulin (amino
acids 210-430). B, COS-1 cells were co-transfected with HA-TubB2 and GST or
GST-PIPP and lysates incubated with glutathione-Sepharose, pellets were
washed and immunoblotted (WB) with HA (upper panel) or GST (middle panel)
antibodies. Lysates were immunoblotted with HA antibodies (lower panel).
C, COS-1 cells were transfected with GST or GST-PIPP and lysates were incu-
bated with glutathione-Sepharose, washed, and immunoblotted with B-tu-
bulin (upper panel) or GST (middle panel) antibodies. Lysates were immuno-
blotted with B-tubulin antibodies (lower panel). WB, Western blot.

significance was determined using a paired or unpaired Stu-
dent’s ¢ test where appropriate and in this study p < 0.05 was
considered to be statistically significant.

RESULTS

Y2H Screening Identifies BII Tubulin and CRMPI1 as PIPP-
binding Partners—PIPP contains N- and C-terminal proline-
rich domains (PRDs), a SKICH domain, and a 5-phosphatase
catalytic domain (16, 28) (Fig. 1A4). PIPP localizes to the growth
cone of NGF-stimulated PC12 cells, and is targeted to this site
by its C-terminal SKICH domain (16, 29). We investigated if
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PIPP complexes with other proteins that regulate neurite out-
growth or differentiation by undertaking a Y2H screen of a human
fetal brain library using the C-terminal proline-rich domain (727-
1003 amino acids) of PIPP as bait (PIPPS*'“*/PRP-2) Two binding
partners were identified, TUBB2 (NCBI accession NP001060,
amino acids 210-430) and CRMP1 (NCBI accession Q14194,
amino acids 431-572) (Fig. 1A). TUBB2, also named BII tubulin,
heterodimerizes with a-tubulin. The a- and B-tubulins represent
the major components of microtubules (30). To confirm that PIPP
and the TubB2 fragment (amino acids 210 —430) interact, GST or
GST-PIPP were coexpressed in COS-1 cells with HA-TubB2 and
lysates were incubated with glutathione-Sepharose. HA-TubB2
was detected in GST-PIPP, but not GST pulldowns (Fig. 1B). To
evaluate whether GST-PIPP binds endogenous S-tubulin, cell
lysates were incubated with GST or GST-PIPP bound beads. A
55-kDa B-tubulin immunoreactive polypeptide was detected in
GST-PIPP, but not GST pulldowns (Fig. 1C).

PIPP Binds CRMP Family Members—To test for an interac-
tion between PIPP and CRMP family members (1, 2, and 4)
and also to confirm that the C-terminal fragment of PIPP
(PIPPSKICH/PRD2) directly binds to CRMP1, an in vitro direct
binding assay was performed. CRMPs are multifunction adap-
tor proteins that complex with many other proteins, so for ini-
tial experiments we used a cell-free assay. PIPPSXICH/PRD-2
directly bound GST-CRMP1, GST-CRMP2, and GST-CRMP4,
but not GST (Fig. 24). CRMP-(1-4) proteins exhibit sequence
identity and are also highly enriched in the brain (31). To show
PIPP and CRMPs form a complex in intact cells, GST-PIPP or
GST was co-expressed in COS-1 cells with FLAG-CRMP1, -2,
or -4 and complexes were captured on glutathione-Sepharose
4B beads. CRMPs (1, 2, and 4) bound GST-PIPP, but not GST
(Fig. 2B). To show an interaction between endogenous CRMPs
and endogenous PIPP, we generated polyclonal (PIPPAB2) and
monoclonal antibodies (PIPPAB3 and -4) to purified recombi-
nant GST-PIPP (supplemental Fig. S1A4). PIPP antibody (PIPP-
AB2) detected HA-PIPP and endogenous PIPP, but not other
HA-tagged 5-phosphatases expressed in COS-1 cells (supple-
mental Fig. S1B), and also recognized endogenous PIPP as a
~107-kDa polypeptide, consistent with its molecular weight, in
mouse brain and PC12 cells (supplemental Fig. S1C). Endoge-
nous PIPP was immunoprecipitated from adult mouse brain in
complex with endogenous CRMP2 (Fig. 2C), but not CRMP1.
However, we did not detect an endogenous PIPP:B-tubulin
complex, despite showing endogenous B-tubulin in GST-PIPP
pulldowns (see Fig. 1C). B-Tubulin adhered nonspecifically to
the Sepharose beads requiring high stringency washing to
remove it from the beads and under these conditions we could
not detect B-tubulin in PIPP immunoprecipitates. Interest-
ingly, the CRMP2 binding protein, Kinesin-1, was detected in
the endogenous brain PIPP-CRMP2 complex as shown by
immunoblotting using KHC antibodies (Fig. 2C). Therefore
PIPP complexes with CRMP2 and its binding partner the motor
protein Kinesin-1.

PIPP Regulates Axon Polarity and Neurite Length—CRMP2
promotes axon/dendrite selection, axon growth cone retrac-
tion, and axon elongation (18, 19). We have previously shown
that PIPP inhibits neurite extension (16), but have not exam-
ined its distribution or function in axons or dendrites. There-
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FIGURE 2. PIPP binds CRMP1, -2, and -4. A, GST, GST-CRMP1, GST-CRMP2, or
GST-CRMP4 were purified from E. coli and incubated with in vitro transcribed/
translated Myc-SKICH/PRD-2. GST proteins were captured on glutathione-
Sepharose, pellets were washed and immunoblotted with Myc (upper panel)
or GST antibodies (lower panel). WB, Western blot. B, COS-1 cells were tran-
siently cotransfected with FLAG-CRMP1, (FLAG-CT), FLAG-CRMP2 (FLAG-C2),
or FLAG-CRMP4 (FLAG-C4) and either GST or GST-PIPP. Cell lysates were incu-
bated with glutathione-Sepharose, washed, and immunoblotted with FLAG
(upper panel) or GST antibodies (middle panel). Lysates were probed with
FLAG antibodies (lower panel). C, mouse brain lysates were immunoprecipi-
tated with non-immune or PIPP antibodies (PIPP-AB2). Lysates and immuno-
precipitated proteins were immunoblotted with PIPP (PIPP-AB3), CRMP2,
KHC, or B-tubulin antibodies.

fore we investigated the role PIPP plays in neuronal polariza-
tion, by its siRNA knockdown in primary hippocampal
neurons. Three siRNA oligonucleotides targeted against differ-
ent regions of the PIPP coding sequence (“PIPP siRNA”) or
scrambled controls (“scram siRNA”) were evaluated in the rat-
derived PC12 cell line. One sequence (sequence 1, see “Experi-
mental Procedures”) (Fig. 3A) resulted in 63% PIPP protein
knockdown by immunoblot analysis (Fig. 3, B and C). Quanti-
tative RT-PCR confirmed a 60% reduction in PIPP mRNA in
seql siRNA-transfected PC12 cells (Fig. 3D) and this sequence
was labeled with Cy3 and transfected into hippocampal neu-
rons. Cy3-siRNA cells exhibited reduced PIPP immunostaining
(supplemental Fig. S1D). To assess neuronal polarity, the num-
ber of axons were evaluated by analysis of Tau-1, an axon-spe-
cific marker. An increase in the percentage of cells that do not
form an axon, or that form multiple axons indicates abnormal
polarization (32). Cells were scored for having “none,” “single,”
or “multiple” Tau-1 positive neurites. PIPP siRNA-transfected
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cells exhibited multiple axons (PIPP siRNA 31.6 = 2.7%, versus
scrambled siRNA 6.0 = 2.5%) (Fig. 4, A and B), indicating a
polarization defect. The average number of neurites per cell was
not affected by PIPP knockdown (PIPP siRNA 4.1 = 0.2, scram-
bled siRNA 3.9 * 0.2), suggesting additional axons are formed
at the expense of dendrites. Therefore knockdown of PIPP in
hippocampal neurons reveals PIPP is required for proper axon
selection. To assess the role of PIPP in regulating neurite elon-
gation, the length of hippocampal neurons transfected with
Cy3-labeled siRNAs was determined by manually tracing phal-

A PIPP sequence 1
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FIGURE 3. PIPP siRNA knockdown in primary hippocampal neurons.
A, PIPP siRNA (PIPP) and control (scram) sequence and PIPP proline-rich
domains (PRD-1 and PRD-2), 5-phosphatase (5-phos), and SKICH domain (S)
are shown. B, lysates of PC12 cells expressing scrambled or PIPP siRNA were
immunoblotted with PIPP (PIPP-AB2) or B-tubulin antibodies. C, PIPP expres-
sion was standardized to B-tubulin loading by densitometry and expressed
relative to scrambled, which was designated as 1. Bars = mean PIPP expres-
sion = S.E. (n = 4;*,p < 0.05). D, quantitative RT-PCR was performed on cDNA
synthesized from mRNA extracted from PC12 cells expressing control or PIPP
siRNA using GAPDH as a control. PIPP expression was calculated relative to
control, which was designated as 1. Bars = mean PIPP expression = S.E. (n =
4;** p <0.01).
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loidin-stained neurites using Image] analysis software. At 2
days grown in vitro, PIPP siRNA-transfected cells exhibited a
~35% increase in neurite length, relative to scrambled siRNA
(Fig. 4, C and D), but showed no change in the intensity or
distribution of phalloidin-stained F-actin (Fig. 4C). Microtu-
bule polymerization was assessed by extracting tubulin mono-
mers, fixing neurons, and immunostaining polymerized tu-
bulin. PIPP siRNA-transfected neurons exhibited a 1.2-fold
increase in neurite-polymerized tubulin (Fig. 4, E and F).

Next PIPP was co-localized with its binding partners CRMP2
or tubulin in hippocampal neurons at 2 and 3 days in vitro (Fig.
5,A and B). PIPP was observed in both MAP2 (dendrite marker)
and Tau-1 (axon) positive neurites, in the cell body, along neu-
rites, and in neurite tips (growth cones) at all stages of differen-
tiation, indicating PIPP does not accumulate selectively in the
axon or dendrites (supplemental Fig. S2). In neurons CRMP2 is
enriched in the axon shaft and growth cone (33). PIPP and
CRMP2 colocalized in the cell body, the axon shaft, and showed
partial co-localization in the growth cone (see high mag in Fig.
5A). The neuronal growth cone contains an actin-rich periph-
eral domain with lamellipodial veils and spike-like filopodia and
a microtubule-enriched central domain (2, 34). PIPP colocal-
ized with B-tubulin in the central growth cone and also in the
axon shaft (Fig. 5B). In control studies PIPP antiserum was pre-
absorbed with the antigen to which it was raised, and this serum
was not immunoreactive (supplemental Fig. S1E).

CRMP2-dependent neurite extension is in part mediated by
Kinesin-1-dependent transport of tubulin, Sra-1/WAVEL, and
TrkB to the growth cone (35-37). CRMP2 is essential for
growth cone localization of these effectors, as it links Sra-1/
WAVEL to Kinesin-1. PIPP also localizes to the growth cone by
unknown mechanisms (16). As PIPP complexes with CRMP2,
we investigated if CRMP2 is required for access of PIPP to the

S QQ S @Q S QQ Transfected

T £ T £ siRNA

single multiple

-

fluorescence intensity in neurites

E scram SiRNA PIPP siRNA
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Relative average tubulin
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FIGURE 4. PIPP regulates axon formation and elongation. A, hippocampal neurons were transfected with PIPP or scrambled siRNA and stained with Tau-1
antibodies. Arrowheads indicate Tau1 positive neurites. Bar = 40 um. B, cells transfected as in A were stained with Tau-1 antibodies and scored for none, single,
or multiple Tau-1+ve neurites per cell. C, cells transfected as in A were stained with phalloidin. Arrowheads indicate the longest neurite in each cell. Inverted
grayscale images are shown. Bar = 40 um. D, neurite length of cells treated as in C were measured. Bars = mean length (um) = S.E. (20 cells,n = 3,*, p < 0.05).
E, cells transfected as in A were stained with B-tubulin antibodies and presented in graded fluorescence. Bar = 20 um. F, the mean tubulin fluorescence
intensity in neurites in cells treated as in E. Bars = mean = S.E. (20 cells, n = 4, *, p < 0.05). Bars = mean = S.E. (20 cells, n = 3, **, p < 0.01).
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FIGURE 5. CRMP2 and PIPP co-localize in the growth cone and axon shaft and PIPP growth cone localization is CRMP2 dependent. A, hippocampal
neurons were stained with PIPP (PIPP-AB1) and CRMP2 antibodies and imaged by confocal microscopy. Arrowhead shows colocalization of PIPP and CRMP2 in
the growth cone. Higher power images are shown below. Bar = 20 pum. B, hippocampal neurons were costained with PIPP (PIPP-AB1) and B-tubulin antibodies
and with phalloidin (blue) staining. Colocalization of B-tubulin and PIPP is indicated by arrowheads. Higher magnification images are shown below. Bar = 20
um. G, PC12 cells expressing control, PIPP, or CRMP2 siRNA were immunoblotted with CRMP2 antibodies, then re-probed with B-tubulin antibodies. Relative
CRMP2 expression was determined by densitometry and expressed as a % of the scrambled, designated 100%. Bars = mean = S.E. (n = 5,*, p < 0.05). D, cells
transfected with control or CRMP2 siRNA were differentiated for 3 days and costained with PIPP antibodies (PIPP-AB4) and imaged by confocal microscopy at
the same laser attenuation. Arrowheads indicate growth cones of Cy3 siRNA-transfected cells. Bar = 20 um. The smaller panels below show representative
examples of additional growth cones imaged at the same laser attenuation and at higher magnification for each indicated transfected siRNA. Growth cones are
presented in graded fluorescence. Bars = mean fluorescence intensity of PIPP in the growth cone relative to the neurite shaft = S.E., where the control is

designated 1 (=10 cells,n = 3, *, p < 0.05).

growth cone. We undertook CRMP2 knockdown in PC12 cells
resulting in a ~50% decrease in CRMP2 protein expression by
immunoblot analysis (Fig. 5C). In control knockdown cells
PIPP localization was prominent at the growth cone of differ-
entiated PC12 cells, however, in CRMP2 knockdown cells the
intensity of PIPP antibody staining at the growth cone was sig-
nificantly decreased (Fig. 5D, arrowheads). The fluorescence
intensity of PIPP immunostaining was determined by the aver-
age pixel intensity at the growth cone, relative to the neurite
shaft at the same laser attenuation revealing a >50% decrease in
PIPP growth cone staining in CRMP2 knockdown cells (Fig. 5D,
see graded fluorescence images of growth cones). Therefore
PIPP requires its association with CRMP2 to access the growth
cone.

The CRMP2-PIPP Complex Is Reduced by GSK3[3 Phosphor-
ylation of CRMP2—We next investigated whether PIPP and
CRMP2 form a constitutive or regulated complex. PIPP is rela-
tively uncharacterized and the regulators of its activity, local-
ization, and/or function(s) are unknown. In contrast, CRMP2 is
dynamically regulated by phosphorylation by Cdk5, DYRK2,
GSK3p, Rho kinase (ROCK), or Fes and this may affect its inter-
action with its many binding partners (11, 12, 21, 38—41).
CRMP2 phosphorylation is complex and requires an initial
Cdk5 priming phosphorylation at Ser®??, followed by GSK3f3
phosphorylation at Ser®'®, Thr®'%, and Thr*°?, which reduces
CRMP2-tubulin binding (11, 40, 42) (Fig. 6A). To determine
whether CRMP2 phosphorylation is required for PIPP associa-
tion, a CRMP2(S522A) mutant, which cannot be phosphory-
lated by Cdk5 or subsequently by GSK38 (11), was evaluated for
PIPP binding. CRMP2(S522A) bound GST-PIPP marginally
less than wild type CRMP2, however, analysis of 4 independent

JULY 1,2011+VOLUME 286-NUMBER 26

experiments revealed this reduction was not statistically signif-
icant (Fig. 6, Band C). Therefore PIPP-CRMP2 association does
not require CRMP2 phosphorylation by Cdk5 or GSK33. How-
ever, this does not exclude the possibility that CRMP2 phos-
phorylation by GSK3 may regulate the relative level of PIPP
binding to CRMP2. AGC family kinases phosphorylate Ser® of
GSK3B, which in turn inhibits GSK3 activity toward its
primed substrates, including CRMP2 (12, 43). GSK33-Ser’
mutation to alanine prevents its Akt-mediated inactivation,
rendering it constitutively active (44). GST or GST-PIPP were
coexpressed with FLAG-CRMP2 and increasing levels of Myc-
GSK3B(S9A) resulting in a decrease (~60%) in GST-PIPP-
bound FLAG-CRMP2 (Fig. 6, D and E). In control studies no
difference in the PIPP-CRMP2 complex was noted when GST-
PIPP was coexpressed with CRMP2(S522A), which cannot be
phosphorylated by Cdk5 and subsequently by GSK38 and
Myc-GSK3B(S9A) indicating the decrease in the complex
was due to CRMP2 rather than PIPP phosphorylation (Fig.
6F). In further control studies coexpression of Myc-
GSK3B(S9A) with FLAG-CRMP2 induced the formation of a
CRMP2 doublet, evidence of CRMP2 phosphorylation (sup-
plemental Fig. S3). These results suggest a complex feedback
loop may regulate PIPP and CRMP2 association. PIPP inhib-
its PI3K/Akt-dependent neurite extension, conditions under
which GSK3 is active, and this in turn may reduce the asso-
ciation of PIPP with CRMP2.

Next we determined if CRMP2 regulates the ability of
PIPP to degrade PtdIns(3,4,5)P; (16). To this end in vitro
[*>P]PtdIns(3,4,5)P, 5-phosphatase assays using purified GST-
PIPP were performed in the presence or absence of GST-
CRMP2 or GST revealing no change in 5-phosphatase activity
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FIGURE 6. The PIPP-CRMP2 complex is regulated by GSK3. A, GSK3f sequentially phosphorylates CRMP2 at Ser®'8, Thr*'4, and Thr>°° following
priming phosphorylation of Ser>?2 by Cdk5. B, COS-1 cells expressing GST or GST-PIPP and either FLAG-CRMP2 wild type (WT) or FLAG-CRMP2(5522A)
were captured on glutathione-Sepharose, washed, and immunoblotted with FLAG (upper panel) or GST antibodies (middle panel). Lysates were immu-
noblotted (WB) with FLAG antibodies (lower panel). C, relative FLAG-CRMP2 WT or S522A mutant binding to GST-PIPP was quantitated using densitom-
etry, standardized to GST-PIPP levels in pulldowns. Bars = mean = S.E., where the FLAG-CRMP2 WT is designated 1 (n = 4). D, COS-1 cells were
transfected with FLAG-CRMP2 and GST or GST-PIPP and increasing amounts of Myc-GSK3B(S9A) (0-5 ng) and lysates were incubated with glutathione-
Sepharose, pellets were washed and immunoblotted with FLAG (upper panel) or GST antibodies (middle panel). Lysates were immunoblotted with FLAG
and Myc antibodies (lower panels). E, relative FLAG-CRMP2 detected in PIPP pulldowns in the presence or absence of Myc-GSK3B(S9A) (5 ng) was
quantitated using densitometry, standardized to GST-PIPP levels in pulldowns. Bars = mean = S.E., where the no GSK3B(S9A) control is designated 1
(n=6,**,p<0.001).F,PC12 cells were transfected with the indicated constructs and GST pulldown was performed followed by immunoblot with FLAG
or GST antibodies. WB, Western blot.

(supplemental Fig. S44). The same results were obtained using PIPP and CRMP2 Exhibit Opposing Functions in Regulat-
FLAG-CRMP2 isolated from COS-1 cells (supplemental Fig. ing Neurite Elongation—To evaluate the function of the
S4B). Thus CRMP2 binds the C terminus of PIPP and this does PIPP-CRMP2 complex, we examined the effects of loss of func-
not affect the central 5-phosphatase catalytic domain. tion of either protein, or overexpression of CRMP2 and PIPP on
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PC12 cell neurite elongation. CRMP2 promotes axon extension
in part by its microtubule stabilizing activity and also by Kine-
sin-1-dependent WAVE1/Sra-1 transport to the growth cone
(11, 33, 45). In contrast, PIPP inhibits neurite extension by reg-
ulating PI3K/Akt signaling at the growth cone, and perhaps by
additional mechanisms (16). To directly evaluate in the same
cell type if PIPP and CRMP2 compete to regulate neurite exten-
sion, we used PC12 cells, a well established cell line whereby
following 3-day NGF stimulation, differentiated PC12 cells
bearing long neurites (~20-30% of cells) and undifferentiated
cells can be detected by phalloidin staining (16). We undertook
PIPP or CRMP2 siRNA knockdown in PC12 cells and assessed
NGF-stimulated neurite elongation by staining with phalloidin,
which binds F-actin. Only cells with a neurite length greater
than the width of the cell body were scored, as neurite length
(um) divided by cell body width (wm). CRMP2 knockdown
resulted in decreased neurite extension (Fig. 7A, arrowheads)
consistent with the known role of CRMP2 in promoting neurite
elongation. In contrast, PIPP knockdown resulted in hyper-
elongated neurites (Fig. 7A), a phenotype rescued by expres-
sion of non-targeted HA-PIPP (Fig. 7B). Interestingly, a
construct containing the CRMP2 binding domain in PIPP, HA-
PIPPSKICH/PRD-2 4]0 significantly reduced the length of neu-
rites in PIPP siRNA PC12 cells (Fig. 7B), perhaps by acting as a
dominant-negative construct and binding and sequestering
endogenous CRMP2. A 5-phosphatase catalytically inactive
construct, HA-PIPP®>7A, also reduced the hyperelongated
neurite phenotype, but to a lesser extent (Fig. 7B). Therefore
PIPP exhibits opposing function to CRMP2. PIPP-CRMP2
binding, in addition to the PtdIns(3,4,5)P 5-phosphatase activ-
ity of PIPP, may contribute to the inhibition of PIPP neurite
elongation.

A significant mechanism by which CRMP2 promotes neurite
elongation is via Sra-1/WAVE]L. At the growth cone WAVE1
activates the Arp2/3 complex, which nucleates actin mono-
mers, allowing their incorporation into microfilaments (46).
RNAi knockdown of CRMP2 results in loss of WAVEL at the
growth cone, and short neurites (36). We next examined the
localization of WAVEI to the growth cone under conditions of
PIPP or CRMP2 siRNA knockdown (Fig. 7C). CRMP2 knock-
down resulted in shorter neurites with decreased WAVEL] at
the growth cone, as assessed by the intensity of WAVET] stain-
ing, as described (36)(Fig. 7C). In contrast, PIPP knockdown
increased neurite length associated with enhanced WAVE1
staining (1.5-fold) in the growth cone. CRMP2 functions as a
cargo receptor, which links the partner proteins responsible for
axon extension such as WAVE1 to motor proteins such as
Kinesin-1 (36, 37, 47). Kinesins transport organelles, mem-
brane vesicles, and protein complexes along microtubules
to maintain neuronal polarity and promote elongation (36,
48-50). Kinesin-1 is a heterotetramer composed of two KHC
and two KLC subunits providing a physical scaffold for cargo
delivery to the growth cone (51, 52). However, it remains
unclear how the association of Kinesin-1 to CRMP2 or other
cargo is selectively transported to a growing axon. Because PIPP
complexes with both CRMP2 and Kinesin-1, we evaluated the
effect of PIPP or CRMP2 knockdown on Kinesin-1 localization,
using antibodies to KHC (Fig. 7D). CRMP2 knockdown
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FIGURE 7. PIPP and CRMP2 exhibit opposing functions in regulating neu-
rite elongation. A, PC12 cells expressing control, PIPP, or CRMP2 Cy3-labeled
siRNA were differentiated for 3 days and stained with phalloidin to outline
differentiated neurites. Asterisks indicate transfected cells. Growth cones are
indicated by arrowheads. Bar = 20 um. Neurite elongation of cells (defined as
neurite length divided by cell body width) was measured. Bars = the mean
neurite length = S.E,, relative to control siRNA, designated 1 (=15 cells,n = 3,
** p < 0.01). B, PC12 cells were co-transfected with PIPP Cy3-labeled siRNA
and plasmids encoding HA-vector, HA-PIPP, HA-PIPP">>"A or HA-SKICH/
PRD-2 and differentiated for 3 days. Cells were fixed and stained with HA
antibodies (not shown) and phalloidin. Asterisks indicate transfected cells.
Arrowheads indicate growth cones. Bar = 20 um. Neurite elongation of cells
was measured as in A. Bars = the mean neurite length = S.E., relative to
HA-vector, designated 1 (=10 cells, n = 3, *, p < 0.05). C and D, PC12 cells
expressing control, PIPP, or CRMP2 Cy3-labeled siRNA were differentiated for
3 days and stained with WAVET antibodies (C) or Kinesin-1 heavy chain anti-
bodies (D) and imaged by confocal microscopy at the same laser attenuation.
Arrowheads show WAVE1 or Kinesin-1 staining at growth cones of transfected
cells. Bar = 20 wm. The smaller panels below show examples of additional
growth cones imaged at the same laser attenuation and at higher magnifica-
tion for each indicated transfected siRNA. Growth cones are presented in
graded fluorescence. Fluorescence intensity of WAVE1 or Kinesin-1 in the
growth cone relative to the neurite shaft of transfected cells. Bars = mean =
S.E., control is designated 1, (10 cells, n = 3, **, p < 0.05).
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FIGURE 8. PIPP inhibits CRMP2-mediated NGF-stimulated PC12 cell neurite elongation. A, PC12 cells expressing HA-vector (mock), HA-PIPP, HA-SKICH/
PRD-2, or FLAG-CRMP2 were treated with NGF for 3 days. Cells were fixed and stained with FLAG (green) and HA (red) antibodies and phalloidin (blue). Bar = 20
mum. Arrowheads indicate growth cones. B, neurite elongation of cells as in A was measured. Bars = the mean neurite length = S.E,, relative to mock, designated
1 (20 cells,n = 3,* p < 0.01;**, p < 0.001). C, PC12 cells were co-transfected with plasmids encoding FLAG-CRMP2 and HA-vector, HA-PIPP, HA-PIPP">>7A, or
HA-SKICH/PRD-2 and differentiated for 3 days. Cells were fixed and stained with HA (green) and FLAG (red) antibodies and phalloidin (blue). Bar = 20 um.
Arrowheads indicate growth cones. D, neurite elongation of cells asin C was measured. Bars = the mean neurite length = S.E,, relative to HA-vector, designated

1 (>10cells,n = 4,* p < 0.05; **, p < 0.01).

resulted in shorter neurites that exhibited growth cones with
less intense staining for Kinesin-1. In contrast, PIPP knock-
down led to longer neurites with increased intensity of Kine-
sin-1 at the growth cone (Fig. 7D). In control studies, the area of
the growth cone, and the ratio of actin staining in the growth
cone relative to the neurite shaft was equal in control, CRMP2,
and PIPP knockdown cells (supplemental Fig. S5, A and B)
revealing changes in WAVELI or Kinesin-1 localization in PIPP
or CRMP2 knockdown cells is not a consequence of altered
neurite length or growth cone size. Therefore PIPP promotes
neurite elongation and growth cone localization of the CRMP2
effector WAVEL and its motor protein Kinesin-1. Knockdown
of CRMP2 results in the diametrically opposite phenotype
under the same conditions in PC12 cells.

PIPP Inhibits CRMP2-mediated Neurite Elongation—We
next examined whether PIPP expression could inhibit CRMP2-
induced neurite outgrowth in PC12 cells. After 3 days of NGF
stimulation, cells were fixed and stained with HA antibodies to
identify transfected cells, and phalloidin to outline neurites
(Fig. 8A). PIPP expression significantly reduced neurite elonga-
tion relative to vector controls (Fig. 8, A and B) (16). Interest-
ingly, the PIPP-CRMP2 binding domain, PIPPS®!CH/PRP-2
which lacks 5-phosphatase activity, also inhibited neurite
elongation to the same extent as full-length PIPP, perhaps by
sequestering endogenous CRMP2. In contrast, expression of
CRMP2 increased PC12 neurite elongation (Fig. 8, A and B).
Upon HA-PIPP co-expression with CRMP2, only short
neurites were formed indicating PIPP can effectively inhibit
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CRMP2-induced neurite elongation (Fig. 8, C and D).
PIPPSKICHV/PRD-2 \which, as reported here binds CRMP2, also
inhibited CRMP2-dependent neurite elongation to the same
extent as wild type PIPP (Fig. 8, C and D). In addition, catalyti-
cally inactive PIPP™*%74 significantly reduced neurite length
compared with vector control, but not to the same degree as
HA-PIPP or HA-PIPPSN'“'VFRP2 Therefore PIPP inhibits
neurite elongation by two mechanisms first via negative regu-
lation of PI3K signaling and second by binding to and inhibiting
CRMP2.

To exclude the possibility that PIPP regulates CRMP2 func-
tion via regulation of its expression and/or phosphorylation, we
examined the total levels and distribution (growth cone versus
neurite shaft) of phospho-Thr*°°/Thr*'*-CRMP2, revealing
they were unchanged in PIPP knockdown PC12 cells (supple-
mental Fig. S6). Additionally, total CRMP2 protein levels were
not affected by PIPP knockdown (Fig. 5C).

DISCUSSION
The PI3K signal PtdIns(3,4,5)P; activates Akt, which inacti-

vates GSK3f3 at the growth cone, to facilitate proper axon selec-
tion and elongation (3). Expression of constitutively active PI3K
(p110a) or Akt (myr-Akt) results in multiple axon formation
(53). We have shown here that a negative regulator of PI3K/Akt
signaling, PIPP, a PtdIns(3,4,5)P5 5-phosphatase, inhibits axon
selection, neurite outgrowth, and elongation. PIPP knockdown
in hippocampal neurons results in multiple Tau-1 positive
axons. Similarly, knockdown of another negative regulator of
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PI3K/Akt, PTEN, also leads to multiple axons in hippocampal
neurons (7, 12). PIPP, like PTEN, degrades PtdIns(3,4,5)P5 and
thereby inhibits Akt activation and GSK3f inactivation at the
growth cone (3, 4, 6, 16). Therefore, the polarization defect
observed in PIPP knockdown axons is consistent with the role
of PIPP in inhibiting PI3K/Akt signaling.

We have also identified here a second molecular mechanism
by which PIPP regulates neurite differentiation. PIPP com-
plexes with and inhibits CRMP2 activity in promoting WAVE1
localization to the growth cone. CRMP2 is an adaptor protein
that regulates the cytoskeleton, microtubules, and vesicular
trafficking by binding numerous effectors, such as WAVEL,
actin, amyloid precursor protein, Slp1/TrkB receptor neuro-
filament L and M, tubulin, and Kinesin-1 (36 -38, 47, 54, 55).
We demonstrate here that PIPP is a novel inhibitory CRMP2
interacting protein as shown by Y2H, direct purified protein-
protein binding studies, GST pulldown in mammalian cells,
coimmunoprecipitation of endogenous proteins, and co-local-
ization of CRMP2 and PIPP in the axon of primary hippocam-
pal neurons. As CRMP2 binds PIPP in purified component
assays, in the absence of Kinesin-1, tubulin, or any other
CRMP2 binding partner, the PIPPCRMP2 complex is a direct
protein-protein interaction. We have shown the PIPP C-termi-
nal proline-rich domain (SKICH/PRD) facilitates its interac-
tion with CRMP2. This C-terminal domain is adjacent to the
PtdIns(3,4,5)P; 5-phosphatase domain of PIPP. The SKICH/
PRD domain has been shown previously to facilitate phospha-
tase access to both the plasma membrane and also the neurite
growth cone (16, 29). Notably, we demonstrate here the PIPP
growth cone localization is CRMP2 dependent, as revealed by
decreased PIPP staining in the growth cones of CRMP2 knock-
down cells. This suggests CRMP2 connects PIPP to Kinesin-1,
thus acting as a cargo adaptor as reported for tubulin het-
erodimers, Sra-1'-WAVEL, and TrkB-Slp1 complexes (35-37).

CRMP2 and PIPP Exhibit Opposing Roles in Axon Selection
and Elongation—CRMP2 promotes neurite extension by mul-
tiple mechanisms, including binding and stabilizing tubulin at
the plus ends of microtubules (56, 57), microtubule-based
anterograde transport of tubulin heterodimers, the Sra-
1-WAVEL1 complex, and the Slp1-TrkB receptor complex to the
distal part of the neurite via directly binding KLC (35-37) and
regulation of anterograde transport. CRMP2 also inhibits ret-
rograde transport (47) and links endocytic regulatory proteins
to dynein (35-37). In PC12 cells, used here as a model of early
neurite elongation, we have shown CRMP2 and PIPP knock-
down induce strikingly opposite phenotypes in terms of neurite
extension, and localization of CRMP2 cargo WAVEL, and bind-
ing partner Kinesin-1 to the growth cone. Furthermore, we
have demonstrated by co-expression studies in PC12 cells that
PIPP opposes CRMP2 function in promoting neurite elonga-
tion. In PC12 cells, expression of full-length PIPP, or the
domain of PIPP that bound CRMP2, SKICH/PRD-2 inhibited
CRMP2-dependent neurite outgrowth. Although we have not
delineated the molecular mechanism(s) by which PIPP inhibits
CRMP2 function, which is beyond the scope of these studies,
PIPP may displace CRMP2/Kinesin-1 cargo or transport effec-
tors or may affect the interaction of CRMP2 with tubulin. Con-
sistent with this contention, in PIPP-depleted PC12 cells, the
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CRMP2 cargo WAVE1 showed increased growth cone localiza-
tion. In contrast, WAVEL exhibited decreased growth cone
localization in CRMP2 knockdown cells.

Some CRMP2 functions are regulated by sequential phos-
phorylation by Cdk5 and GSK3p although this area of investi-
gation is complex (11, 12, 38). Hyperphosphorylated CRMP2 is
associated with neurofibrillary tangles in Alzheimer-diseased
brains where it colocalizes with WAVE1 (58 —61). The associ-
ation between PIPP and CRMP2 does not require CRMP2
phosphorylation, rather this complex significantly reduces
when GSK3p is active, conditions under which PI3K/Akt sig-
naling is not activated. Therefore, we propose a model whereby
when PI3K/Akt signaling is activated by NGF stimulation,
GSK3p will be inhibited by Akt phosphorylation, and PIPP
will maximally associate with CRMP2 to inhibit CRMP2-de-
pendent neurite elongation.

In summary, our studies identify a significant complex
between a negative regulator of PI3K/Akt signaling, PIPP, with
a positive regulator of neuronal differentiation, CRMP2. The
CRMP2-PIPP complex is likely to dynamically regulate both
neurite outgrowth and axon polarity in the normal brain.
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