THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 10, pp. 8459-8471, March 11, 2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.

Phospholipase Co3 Regulates RhoA/Rho Kinase Signaling

and Neurite Outgrowth™

Received for publication, August 2, 2010, and in revised form, December 1,2010 Published, JBC Papers in Press, December 27,2010, DOI 10.1074/jbcM110.171223

Zen Kouchi*', Takahiro Igarashi*', Nami Shibayama*', Shunichi Inanobe®, Kazuyuki Sakurai*, Hideki Yamaguchi*®,
Toshifumi Fukuda', Shigeru Yanagi®, Yoshikazu Nakamura®, and Kiyoko Fukami*’

From the *Laboratory of Genome and Biosignal, Tokyo University of Pharmacy and Life Sciences, 1432-1 Horinouchi, Hachioji,
192-0392 Tokyo, SPRESTO, Japan Science and Technology Agency, 4-1-8 Honcho Kawaguchi, Saitama, and the "Laboratory of
Molecular Biochemistry, Tokyo University of Pharmacy and Life Sciences, 1432-1 Horinouchi, Hachioji, 192-0392 Tokyo, Japan

Phospholipase C63 (PLC83) is a key enzyme regulating phos-
phoinositide metabolism; however, its physiological function
remains unknown. Because PLC63 is highly enriched in the cer-
ebellum and cerebral cortex, we examined the role of PLC83 in
neuronal migration and outgrowth. PLC83 knockdown (KD)
inhibits neurite formation of cerebellar granule cells, and appli-
cation of PLC83KD using in utero electroporation in the devel-
oping brain results in the retardation of the radial migration of
neurons in the cerebral cortex. In addition, PLC83KD inhibits
axon and dendrite outgrowth in primary cortical neurons.
PLC83KD also suppresses neurite formation of Neuro2a neuro-
blastoma cells induced by serum withdrawal or treatment with
retinoic acid. This inhibition is released by the reintroduction of
wild-type PLC®&3. Interestingly, the H393A mutant lacking
phosphatidylinositol 4,5-bisphosphate hydrolyzing activity
generates supernumerary protrusions, and a constitutively
active mutant promotes extensive neurite outgrowth, indicating
that PLC activity is important for normal neurite outgrowth.
The introduction of dominant negative RhoA (RhoA-DN)
or treatment with Y-27632, a Rho kinase-specific inhibitor, res-
cues the neurite extension in PLC83KD Neuro2a cells. Similar
effects were also detected in primary cortical neurons. Further-
more, the RhoA expression level was significantly decreased by
serum withdrawal or retinoic acid in control cells, although this
decrease was not observed in PLC63KD cells. We also found
that exogenous expression of PLC63 down-regulated RhoA pro-
tein, and constitutively active PLC83 promotes the RhoA down-
regulation more significantly than PLC63 upon differentiation.
These results indicate that PLC83 negatively regulates RhoA
expression, inhibits RhoA/Rho kinase signaling, and thereby
promotes neurite extension.

Neurite outgrowth and patterning are essential for wiring the
nervous system during the development of cerebral cortex or
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maturation of cerebellum. Several studies have demonstrated
that the Rho family of small GTPases, Cdc42, Rac, and Rho, has
an important role in neurite outgrowth and neuronal migra-
tion, which mainly occurs via the regulation of the actin cyto-
skeleton (1). Activation of Cdc42 or Rac has been shown to
promote neurite outgrowth and to regulate the formation of the
cerebral cortex as shown in conditional knock-out mice or by
the acute depletion of these molecules by means of in utero
electroporation (2, 3). Conversely, Rho activity prevents neurite
initiation and induces neurite retraction. Therefore, the con-
current Cdc42 and Rac activation and Rho inactivation are
required for normal neurite initiation and outgrowth, thus reg-
ulating the organization of the developing brain. The inactiva-
tion of Rho during neuritogenesis appears to be regulated by
several mechanisms. Rho GTPase-activating proteins, which
enhance the intrinsic rate of GTP hydrolysis of Rho, suppress
Rho activity during neurite formation (4). Recent studies also
showed that Rho activity is down-regulated by the targeted deg-
radation of the Rho protein via the ubiquitin/proteasome path-
way (5).

The turnover of phosphoinositides is also implicated in
neurite formation and extension (6). Generation of phospha-
tidylinositol 4,5-bisphosphate (PI(4,5)P,)* as well as phospha-
tidylinositol 3,4,5-trisphosphate seems to regulate neurite
retraction in a growth factor-dependent manner, and several
Rho family proteins are involved in the phosphoinositide sig-
naling network in response to stimuli (7). Phospholipase C
(PLC) is a key enzyme in phosphoinositide metabolism by cat-
alyzing the hydrolysis of PI(4,5)P,, which leads to the genera-
tion of 2 second messengers, namely diacylglycerol (DAG) and
inositol 1,4,5-trisphosphate (IP;). DAG stimulates activation of
protein kinase C, and IP, releases Ca®>" from the intracellular
stores. On the basis of their structure and regulatory mecha-
nism, 13 PLC isozymes have been identified and grouped into
six classes, B, v, 6, € {, and m, based on their structure and
regulatory mechanisms. Among these classes, PLCS is evolu-
tionarily conserved from yeasts to mammals, and therefore, it is
expected to have important physiological functions (8). The
PLCS class consists of the three isozymes, namely PLCé81, -63,

3The abbreviations used are: PI(4,5)P,, phosphatidylinositol 4,5-bisphos-
phate; CA, constitutively active; DAG, diacylglycerol; IP5, inositol 1,4,5-tris-
phosphate; PH domain, pleckstrin homology domain; PLC83, phospho-
lipase C83; KD, knockdown; DIV, days in vitro; EGFP, enhanced GFP; RA,
retinoic acid; IP5, inositol 1,4,5-trisphosphate; gRT, quantitative PCR; UCP,
upper cortical plate.
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and -84 (9). We previously reported that PLC81 is necessary for
skin homeostasis (10—12) and that PLC84 plays an essential
role in the acrosome reaction of sperm (13, 14). However, the
physiological functions of PLC83 still remain to be determined.

Because PLC83 is abundantly expressed in neuronal tissues
and neuronal cell lines, we examined the role of PLC83 in neu-
ronal differentiation. Here, we first show that PLC83 is an
essential regulator of neuritogenesis in Neuro2A neuroblas-
toma cells, cerebellar granule cells, cortical neurons, and the
developing cerebral cortex. We also demonstrate that PLC3
suppresses the Rho signaling pathway during neuritogenesis via
the down-regulation of RhoA level.

EXPERIMENTAL PROCEDURES

Plasmid Constructs—mPLC83-pENTR/U6 was generated
according to Brummelkamp et al. (15). In brief, PLC83-specific
sense and antisense sequences, flanking a 6-base hairpin, were
annealed and inserted into pENTR/U6 or pGSU6-GFP vector
for PLC43 knockdown (KD) by following the manufacturer’s
protocol. The oligonucleotides used for PLC83 knockdown
were as follows: PLC83-targeting oligonucleotide, 5'-gatgagct-
tcaaggagatc-3' and 5'-gatctccttgaagctcatc-3’ for granule cells
and 5'-acagtaagatgagcttcaa-3’ and 5'-ttgaagctcatcttactgt-3’ for
Neuro2a; and scramble oligonucleotide, 5'-gaattctccgaacgt-
gtca-3' and 5'-tgacacgttcggagaattc-3’ for granule cells, and
5'-ctagtaagactagaagtgt-3' and 5’-acacttctagtcttactag-3’ for
Neuro2a. PCR-based site-directed mutagenesis was performed
to generate GFP-PLC83 mutants. For the constitutively active
(CA) mutant, Ala*¥?-GIn®*® was deleted and inserted with the
Glu-Ser-Glu-Ser linker (16). As for CA-R79D, Arg”® in CA
mutant was replaced with Asp by site-directed mutagenesis.
The GST-tagged PLC83 H393A mutant, a catalytic mutant of
GST-PLC83, was constructed by site-directed mutagenesis by
using the following primers with the Nael site: 5'-gggaacctgt-
catctacgccggecacacgctcacct-3' and 5'-aggtgagegtgtggecggeg-
tagatgacaggttccc-3'. Wild-type PLCS3 and all the PLC&3
mutants were subcloned into pEGFP-C for expression, and the
GST-H393A construct was prepared by using the GST-FastBac
vector for the Baculovirus/Sf-9 expression system (17).

Culture, Knockdown, and Extensional Induction of Neuro2a
Cells, Cerebellar Granule Cells, and Primary Cortical Neurons—
Neuro2a cells were seeded at 1.5 X 10* cells in 35-mm dishes in
Dulbecco’s modified Eagle’s medium (DMEM) containing 1
mMm sodium pyruvate and 10% fetal bovine serum 18-24 h
before the transfection. Knockdown of PLC83 in Neuro2a was
conducted by using the pENTR/U6 vector carrying the target-
ing sequence specific for mouse PLC63 and the scramble
sequence as a control. For transient expression, DNA was intro-
duced with FUuGENE 6 by following the manufacturer’s proto-
col (Roche Applied Science). The medium was changed to
DMEM without serum after 24 h of transfection, and the cells
were cultured for 48 h to induce neurite formation. Neuro2a
cells were treated with 100 ng/ml phorbol 12-myristate 13-ac-
etate for 48 h or 0.5 um ionomycin (Invitrogen) or 0.25 um
thapsigargin (Sigma) for 24 h.

Culture of cerebellar granule cells was essentially carried out
as described previously (18). Cerebella were collected from
P2-3 ICR mice, and granule cells were plated onto a 27-mm
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glass dish precoated with 100 ug/ml poly-L-lysine and 20 ug/ml
laminin by adjusting the cell numbers to 1 X 10° cells/well.
Transfection was performed with 100 ul of OptiMEM contain-
ing 1.25 ul of Lipofectamine LTX and 0.5 ug of pGSU-U6 vec-
tor carrying scrambled or PLC83 targeting sequence with EGEFP
flanked by internal ribosome entry site sequence as an indica-
tor. The differentiation was induced by changing the medium
by lowering the serum concentration from 10 to 5% with 4 um
cytosine arabinoside.

Cortical neurons were isolated from E14 embryos and cul-
tured for 3 or 7 days in nerve-cell culture medium (Sumitomo
Bakelite Co., Ltd.) with 4 um cytosine arabinoside. Transfection
was carried out with pCAGGS-EGFP and pGSU encoding
scrambled or PLC83 targeting sequence by using AMAXA
Nucleofector system (Nucleofector™ II). Preparation of astro-
cytes was followed as described previously (19).

Western Blots—Cells were cultured as described above,
washed with phosphate-buffered saline (PBS), and then lysed
with lysis buffer (50 mm Tris-HCI, pH 7.4, 120 mm NaCl, 2 mm
EDTA, and 1% Triton X-100). After sonication, the lysate was
cleared by centrifugation at 14,800 rpm for 15 min at 4 °C. The
resulting supernatants were subjected to SDS-PAGE, trans-
ferred to polyvinylidine difluoride (PVDF) membrane, and
probed with appropriate antibodies for 1 h at room tempera-
ture as follows: anti-PLC83, anti-Rac (Sigma), and anti--actin
(Sigma) antibodies. Anti-RhoA and anti-Cdc42 antibodies were
from Santa Cruz Biotechnology. Blots were incubated with sec-
ondary antibodies for 1 h (Dako Cytomation), and detection
was performed using the electrochemiluminescence (ECL) sys-
tem (Amersham Biosciences).

Real Time Reverse Transcriptase-PCR (qRT-PCR)—Total
RNA was extracted from control and PLC83KD Neuro2a cells
cultured with or without serum by using the RNeasy mini kit
(Qiagen), and reverse transcription was performed with Super-
Script III (Invitrogen). The quantitative RT-PCR assay was car-
ried out with the sequence-specific primers on the ABI PRISM
7000 (Applied Biosystems) with the QuantiTect SYBR Green
PCR kit (Applied Biosystems) for real time monitoring of
amplification. The expression of B-actin mRNA was used to
normalize the expression of RhoA, Racl, and Cdc42 mRNA.
Primers for glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were used for the determination of the PLC8 expres-
sion. The primers used were as follows: Rho, 5'-ctggtgattgttg-
gtgatgg-3' (forward) and 5’-gcggtcataatcttcetgte-3' (reverse);
Cdc42, 5'-gcgegggatctgaaggetgtca-3' (forward) and 5'-tgettt-
tagtatgacgacaacacca-3' (reverse); Rac, 5'-ccagtgaatctgggc-
ctatggg-3' (forward) 5'-tggccagccectgegggtag-3' (reverse);
B-actin, 5'-accaactgggacgacatggagaaga-3’ (forward) and 5'-ac-
gaccagaggcatacagggacag-3' (reverse); GAPDH, 5'-ccatgccat-
cactgccaccc-3"  (forward) and 5'-tgtcatcatacttggcaggtttc-3’
(reverse); PLCé&1, 5'-cgcagccaagtgcaacacaag-3' (forward) and
5'- ggaagccatctcatagaatgcc-3'  (reverse); PLCO3, 5'-gcg-
cagcttctaagcacatattc-3’  (forward) and 5’'-cttgaaggcgatggt-
gaggc-3' (reverse); and PLCO4, 5'-aggtgatcagtggccaacaac-3’
(forward) and 5’-ttgttctccacatggetggtc-3' (reverse).

Cellular Imaging by Immunofluorescence—PLCS3KD cells
transfected with mutant GFP-PLC83 or the Myc-tagged
mutant Rho family GTPase were cultured on cover glass in
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35-mm dishes. Samples were fixed with 3.7% formaldehyde in
PBS for 30 min and incubated with rhodamine/phalloidin for
1 h at room temperature. The samples were mounted with the
Slow-fade gold antifade kit (Molecular Probes), and the mor-
phology of the cells was analyzed by fluorescence microscopy
(Keyence BZ-8000). The percentage of neurite outgrowth was
calculated by counting the GFP-positive or Rho family GTPase-
transfected cells bearing neurites that were longer than two cell
body lengths after a 48-h serum withdrawal. The localization of
GFP, GFP-PLCé81, GFP-PLCé83, and GFP-PLC83 mutants was
analyzed by using Olympus FV1000 confocal laser scanning
microscope (Olympus). For cortical neurons or granule cells,
samples were fixed with 2% paraformaldehyde in PBS for 20
min and permeabilized with PBS containing 0.2% Triton X-100.
After blocking with PBS containing 1% BSA and 1% goat serum,
cells were incubated with anti-MAP2, anti-Taul (Millipore), or
anti-Tujl (Sigma) antibody for 2 h at room temperature or
overnight at 4 °C. Alexa Fluor secondary antibodies (Invitro-
gen) were used for the detection of immunofluorescence and
analyzed by Olympus FV1000 confocal laser scanning
microscope.

Baculovirus Expression and Purification—Recombinant
GST-PLC83, GST-H393A, GST-CA, and GST-CA-R79D were
prepared by the baculovirus/Sf9 expression system. Infected
Sf9 cells were lysed with lysis buffer (20 mm Tris-HCI, pH 7.5,
0.12 M NaCl, 2 mm EDTA, and 1% Triton X-100) containing
protease inhibitor mixtures (Roche Applied Science). The cell
lysates were centrifuged at 10,000 rpm for 15 min after sonica-
tion, and the supernatants were incubated with glutathione-
Sepharose 4B beads at 4 °C overnight. Recombinant PLC63 was
purified with elution buffer (50 mm Tris-HCL, pH 7.6, 50 mm
glutathione) and dialyzed three times in ice-cold PBS.

Measurement of PLC Activity—The PLC activity was assayed
by hydrolysis of PI(4,5)P, in a 50-ul reaction mixture contain-
ing 20,000 dpm of [*H]P1(4,5)P, (PerkinElmer Life Sciences), 40
mM PI(4,5)P,, and 50 uMm phosphatidylethanolamine as phos-
pholipids micelles. The micelles were incubated with recombi-
nant PLC at 37 °C for 5 min, and the reaction was stopped by
adding 1 ml of chloroform/methanol (2:1, v/v). Radioactive IP,
was extracted with 0.25 ml of 1 N HC], and radioactivity in the
upper aqueous phase was measured for 1 min in a liquid scin-
tillation counter (17).

Knockdown by in Utero Electroporation—Pregnant ICR mice
carrying E14 embryos were anesthetized, and a right ventral
incision was made to access the uterus. 1 ul of plasmid DNA (5
pg/ml) with 0.1% Fast Green containing 4 ug of pGSU vector
for siRNA and 1 ug of CAGGS-EGFP vector for visualization,
respectively, was injected into the lateral ventricles of embry-
onic brains from outside the uteri with a glass micropipette. For
confirmation of PLC83 knockdown in developing cortex in
vivo, 1 pg of FLAG-PLC83 vector, with 3 pg of pGSU-U6
knockdown vector and 1 ug of CAGGS-EGFP vector, was
introduced into the lateral ventricles of E14 embryonic brain as
the same way described above. By holding the embryo in utero
with forceps-type electrodes, 50 ms of 33-V electric pulses were
delivered four times at intervals of 950 ms. After the electropo-
ration, uteri were placed back in the abdominal cavity, allowing
the embryos to continue their development. At the postnatal
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day O or 2 (PO or P2) stage, electroporated brains were sectioned
by cryostat to obtain the dorso-lateral region of the cerebral
cortices.

Immunohistochemistry—Frozen sections of fixed embryonic
brains with 4% paraformaldehyde were treated with blocking
buffer supplied with TSA biotin system (PerkinElmer Life Sci-
ences) for 30-60 min and subsequently incubated with anti-
MAP?2 or anti-GFP antibody for 1 h at room temperature. After
three times washes in PBS, sections were treated with Alexa
488- or 568-conjugated secondary antibodies (Molecular
Probes) for 1 h at room temperature. Sections were also stained
with 2 ug/ml Hoechst 33258 for 5 min, and the fluorescent
images were obtained by Olympus FV1000 confocal laser scan-
ning microscope (Olympus).

RESULTS

PLC83 Regulates Neurite Outgrowth in Cerebellar Granule
Cells—Several studies have shown that PI3K and several PLC
isoforms are involved in neurite outgrowth by using neuroblas-
toma cell lines and cortical neurons (6, 20). Therefore, we tried
to examine the physiological function of PLC83 in neuronal
cells. PLC33 is enriched in the mouse adult brain and is espe-
cially abundant in the cerebellum and cerebral cortex (Fig. 1A).
To characterize the physiological importance of PLC83 in neu-
rite extension, we first examined the effects of PLC83 knock-
down on neurite in cerebellar granule cells isolated from the
cerebellum. In isolated granule neurons, the expression of
PLC83 was relatively high among PLC &-type isozymes (Fig.
1B). Cultured granule cells show progressive exogenesis during
the first several days preceding the development of shorter den-
drites (18), and PLC83 is expressed throughout the 3 days of
culture in vitro (Fig. 1C). We used two distinct targeting
sequences for PLCO3KD and confirmed the PLC83 targeting
sequence for each shRNA was effective to suppress the expres-
sion of endogenous PLC83 in Neuro2a cells (Fig. 1D). Then
transient PLC83KD was performed using the pGSU6-GFP vec-
tor carrying the scrambled or PLC83 targeting sequences in
granule cells. GFP expression is regulated by the internal ribo-
some entry site sequence in the pGSU6-GFP vector and was
utilized as a marker for the transfected cells. An anti-MAP2
antibody was also used as a marker of granule cells (Fig. 1E). No
residual glial fibrillary acidic protein-positive astrocyte re-
mained in the culture in the presence of cytosine arabinoside
(Fig. 1E and supplemental Fig. 1). Interestingly, the neurites of
GFP-positive PLC33KD cells were less elongated than those of
control GFP-positive cells (Fig. 1E). The number of granule
neurons with neurites longer than two cell body lengths was
counted, and the ratio of neurite formation in PLCS3KD cells
knocked down by PLC83KD1 or PLC83KD2 shRNA was ~60
or 65% that observed in control cells, respectively (Fig. 1F).
These results strongly suggest that PLC83 is involved in neuro-
nal extension in cerebellar granule cells.

PLCé3 Knockdown in the Embryonic Cerebral Cortex Causes
the Retardation of Neuronal Migration—We next examined the
importance of PLC83 on the development of the cerebral cortex
in vivo. PLC83 levels were gradually increased throughout the
development of the cerebral cortex (Fig. 24). We then exam-
ined the involvement of PLC83 in neuronal migration in corti-
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FIGURE 1. PLC83 regulates neuronal outgrowth in cerebellar granule
cells. A, expression of PLCS3 was analyzed in the whole brain, cerebral cortex,
hippocampus, cerebellum, and retina by Western blots with a monoclonal
anti-PLC383 antibody that specifically recognizes the X-Y region of PLC83.
B-Actinis used as the loading control. B, expression levels of PLCS isozymes in
isolated cerebellar granule cells were determined by gRT-PCR. The relative
amounts are represented as the ratio to that of PLC81 mRNA. C, PLC83 was
expressed throughout the 3-day culture of cerebellar granule cells isolated
from P2-3 ICR mice. The amounts of PLCS3 were examined by RT-PCR.
D, endogenous PLC33 was effectively down-regulated by transfection with
pGSU6-GFP vector carrying scrambled sequence or two distinct shRNA tar-
geting mouse PLC83 sequence in Neuro2a cells. The expression levels of
PLC33 were determined by Western blots. E, PLC83 knockdown caused sig-
nificant inhibition of neurite outgrowth of cerebellar granule cells. 18 h after
plating, cultured granule cells were transfected with control pGSU6-GFP (Scr,
panels a, d, and g) or PLC83 shRNA expressing pGSU6-GFP (PLC83KD1, panels
b, e, and h, or PLC83KD2, panels ¢, f, and i) and cultured for another 48 h. Note
that PLC83 knockdown caused lower population of the granule cells with
neurite compared with GFP-positive control cells (panels a-c). Middle (panels
d-f) shows the granule cells stained with anti-MAP2 antibody, and right (pan-
els g-i) shows the merged image. Scale bar, 100 um. F, percentage of neurite
formation in both GFP and MAP2-positive cells was evaluated and repre-
sented as a relative value. The rate of neurite outgrowth was determined by
the population of neurons showing more than two cell body lengths. The
data indicate the mean = S.D. of five experiments obtained from average
number of 600 GFP-positive cells counted for each transfection by micros-
copy. ¥, p < 0.05; **, p < 0.01 (Tukey's multiple comparison test).
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cal plates using in utero electroporation method. We confirmed
that two kinds of PLC83 sequences worked for the knockdown
in vivo by the co-transfection with FLAG-tagged PLC83 in the
cortex by in utero electroporation (Fig. 2B). We then intro-
duced the pGSU-shRNAIi vector containing each of the two
different sequences into the lateral ventricles of embryonic
mice brains at E14, and we observed migrating neurons in the
cerebral cortex. When we used control vector, GFP-positive
neurons reached the upper cortical plate (UCP) at postnatal day
2 stage (Fig. 2C). Conversely, the migrating neurons in
PLCS3KD brain of both sequences were abnormally retarded in
the lower or middle cortical plate (Fig. 2C). We calculated the
ratio of migrating neurons in each region (Fig. 2D). In the con-
trol cerebral cortex, the majority of the migrating neurons were
present in the UCP, whereas the ratio of migrating neurons in
the UCP was only ~60%, and the ratio in the middle or lower
cortical plate was increased in the PLC63KD brain. Further-
more, we analyzed the morphology of GFP-positive migrating
neurons. Fig. 2E shows the images of the representative neu-
rons with an average length of leading edges in each case.
PLC83 knockdown caused an inhibition of leading process in
cortical plate (Fig. 2E). Migrating neurons were categorized
into three groups based on their length at PO as follows: less
than or equal to 10 wm, 10 -20 pwm, and more than 20 wm. 50%
of the control cells was more than 20 uwm in length, and only
15% of those were less than or equal to 10 uwm, whereas only
about 35% of the PLC83KD cells were more than 20 um in
length, and nearly 30% of those exhibited a length shorter than
10 wm (Fig. 2F). On the other hand, more than 90% of the
migrating PLC83KD neurons were tangentially oriented
toward the marginal zone from the ventricular zone as well as
control GFP-positive neurons, suggesting that PLC3 does not
regulate the orientation of cortical migration (Fig. 2G). These
results suggest that PLC83 is required for extension of leading
edge and regulation of the cortical neuronal migration in the
developing cerebral cortex.

PLC83 Is Necessary for Outgrowth of Axon and Dendrites in
Cortical Neurons—To gain more insight into the mechanism of
neuronal function in developing cerebral cortex, we next ana-
lyze the effect of PLC63 knockdown on the exogenesis or den-
dritogenesis by preparing primary cortical neurons. PLC83 is
highly expressed compared with other PLC8 isozymes in cere-
bral cortex as determined by quantitative real time RT-PCR
analysis (Fig. 34). We confirmed that neither astrocytes nor
oligodendrocytes co-existed in the cortical culture in the pres-
ence of cytosine arabinoside at 3 days in vitro (3DIV) (supple-
mental Fig. 2). The expression levels of each PLC isozyme were
not significantly changed throughout the cortical differentia-
tion (data not shown), and knockdown of the endogenous
PLC83 by two shRNA was performed by using the same PLC83-
targeting shRNA vectors (Fig. 2B). Interestingly, PLC83 knock-
down caused the significant inhibition of axonal outgrowth
(31.4% for KD1 and 39.7% for KD2) at 3DIV, whereas control
cells exhibited normal exogenesis at the same stage (65.9%, Fig.
3, Band C). PLC83 was also involved in the regulation of axonal
outgrowth as shown in the significant decrease in the axon
length in PLC83KD neurons at 3DIV (Fig. 3D). These results
indicate that PLC&3 is important for both neuritogenesis and
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FIGURE 2. PLC83 knockdown in embryonic cerebral cortex causes the retardation of neuronal migration. A, expression of PLC83 during embryonic or
postnatal brain development. RNA was isolated from cerebral cortex at E14, 18, PO, P2, or P7 stage, and the amounts of PLC83 were determined by RT-PCR.
B, PLC83 knockdown in vivo was successfully conducted with two distinct targeting sequences. The pCAGGS-EGFP and pGSU6 vector carrying scrambled (Scr)
or PLC83 targeting sequence was co-introduced with FLAG-PLC83 sensitive to shRNAs into the lateral ventricles by in utero electroporation at E14 stage. The
transfection efficiency and the expression level of exogenous FLAG-PLC33 at P2 stage in cortex were determined by immunoprecipitation with anti-EGFP and
anti-FLAG antibodies, and each immunoprecipitant was subjected to Western blotting with anti-FLAG and anti-EGFP antibodies, respectively. C, PLC83
knockdown by in utero electroporation method inhibits neuronal migration in cerebral cortical plates. Transient PLC83 knockdown was performed at E14 stage
with CAGGS-EGFP vector, and the migration of EGFP-positive cortical neurons was analyzed at P2 stage. Note that PLCS3KD neurons show significant
retardation of the cortical migration to marginal zone. The region of cortical plate was divided into lower (LCP), middle (MCP), and upper (UCP) region. Scale bar,
200 wm. D, numbers of migrating neurons in each region were counted, and the extent of neuronal migration was represented as the percentage of
GFP-positive neurons. The values were obtained from average numbers of 1000 GFP-positive cells from the sections. Steel’s multiple comparison test (analysis
of variance with post hoc test) showed significant difference between control and each PLC83 knockdown treatment (¥, p < 0.05). £, representative morphol-
ogy of GFP-positive control or PLCS3KD neurons was shown. Note that PLC83 knockdown caused the inhibition of neurite outgrowth. F, percentage of neurite
outgrowth was indicated by categorizing the migrating cortical neurons showing less than or equal to 10 um, 10-20 um, or more than 20 um. The populations
were obtained from average number of 1800 GFP-positive migrating neurons. Statistical analysis showed significant difference between the indicated
population of GFP-positive control and PLC83KD cells (*, p < 0.05). G, orientation of GFP-positive migrating neurons at PO stage were categorized into 4
columns based on the angle toward tangential orientation to the cortical plate. No significant difference in the orientation was detected between control and
PLC83KD neurons tangentially migrating away from the ventricular zone (VZ) to marginal zone (M2).

exogenesis in cortical neurons. We also examined the effects of
PLC83 knockdown on the maturation of axon or dendrite of
cortical neurons at 7DIV. EGFP-positive control neurons
showed the normal development of axon or dendrites as indi-
cated by arrows or arrowheads in Fig. 3E, respectively. How-
ever, PLC83KD neurons showed immature axonal or dendrite
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formation at 7DIV (Fig. 3E), suggesting that PLC83 is also
important for exogenesis or dendritogenesis after the establish-
ment of polarity during neuronal development.

PLC83 Is Necessary for Neurite Extension in Neuro2a Cells—
We next examined the expression of PLC83 in several cell lines,
including neuronal cell lines (Fig. 44). PLC83 was most abun-
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represented as the ratio to that of PLC81 mRNA. PLC83 is highly expressed in
cortical neurons compared with PLC81 or PLC84. B, effects of PLC83 knock-
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scrambled (Scr) or PLC83 targeting sequence was introduced into cortical
neurons isolated from E14 mice by electroporation (AMAXA Nucleofector kit)
and cultured on poly-L-lysine-coated glass bottom dishes for 3DIV. GFP signal
filled in the tip of the outgrowing axon indicated as an arrow. Cortical neurons
were stained with anti-Tau1 antibody. Scale bar, 20 um. C, data represent rate
of neurite outgrowth in control or PLC83 knocked down cortical neurons
(3DIV) by two different shRNA sequences. Data represent the mean = S.D. of
three experiments (n = 220). Tukey’s multiple comparison test was carried
out between each population (¥, p < 0.05; **, p < 0.01). D, effects of PLC83
knockdown on axonal length in cortical neurons cultured for 3 days. Cortical
neurons were stained with anti-MAP2 and anti-Tau1 antibodies. Data repre-
sent the mean = S.E. of three experiments (n = 120). ***, p < 0.001 (Steel-
Dwass multiple comparison test). £, effects of PLC83 knockdown on axonal or
dendrite outgrowth in cortical neurons (7DIV). Although normal exogenesis
(arrows) and dendritogenesis (arrowheads) were observed at 7DIV, GFP-pos-
itive PLC83KD neurons showed immature outgrowth of axon or dendrites.
Scale bar, 20 pm.

dant in the PC12 cell line among these cells. N1E115 and
Neuro2a cells have relatively higher amounts of PLC83 than the
other non-neuronal cell lines. Because Neuro2a cells showed
higher transfection efficiency than the other neuronal cell lines,
we used these cells for the following studies.

We performed a transient knockdown of PLC83 using the
pENTR/U6 vector carrying the scrambled or target sequence
against mouse PLC33 in Neuro2a cells (Fig. 4B). The transfec-
tion efficiency was ~90% under these conditions in Neuro2a
cells. Reintroduction of siRNA-resistant form of GFP-PLC&3
was also carried out in PLC83KD cells, and we confirmed the
substantial amounts of exogenous GFP-PLC83 in the KD cells
(Fig. 4B). Neuronal extension was induced by serum with-
drawal for 48 h (Fig. 4, C and D) or treatment with 20 uM reti-
noic acid (RA) (Fig. 4, E and F), and the extent of differentiation
was quantified by counting the number of cells having neurites
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with lengths greater than 2-fold their somatic length 48 h after
differentiation. Neurite extension was induced in the control
cells by serum withdrawal (left panel in Fig. 4C). On the other
hand, PLC83 knockdown caused a significant inhibition of neu-
rite outgrowth (middle panel in Fig. 4C). In the control Neuro2a
cells, 67% of the cells had neurite extension, whereas only 29%
of PLC83KD cells exhibited neurite extension (Fig. 4D). The
extension of neurites was restored by the reintroduction of
GFP-PLC83 (right panel in Fig. 4C); neurite extension was
observed in 62% of cells (recovery rate, 93%), indicating that
PLC383 is necessary for serum-starved Neuro2a neurite exten-
sion. In the case of RA treatment, depletion of PLC83 also
inhibited neurite extension (Fig. 4E). The rate of neurite exten-
sion was ~35% that observed in the control cells (control, 62%
and PLC83KD, 23%) (Fig. 4F).

PI(4,5)P, Hydrolyzing Activity Is Necessary for Proper Neurite
Extension upon Serum Withdrawal—To examine whether the
PI(4,5)P, hydrolyzing activity of PLC is necessary for neurite
extension, we generate a mutant of PLC83 that lacks PLC activ-
ity (Fig. 5A). The primary sequence of PLC83 is very similar to
that of PLC81, and the His®**® of PLCS81 is one of the essential
catalytic residues for the hydrolysis reaction. By analogy with
PLC41, the His®**® of PLC83 was predicted to catalyze PI(4,5)P,
hydrolysis in PLC83. To examine whether His**? is responsible
for the PI(4,5)P, hydrolyzing activity of PLC83, recombinant
PLC83 was prepared using a baculovirus expression system,
and PLC activity was measured (Fig. 54). There was no hydro-
lyzing activity for the H393A mutant, indicating that the point
mutation caused a complete loss of catalytic activity.

We also examined the localization of GFP-tagged PLCé1,
PLC83, and H393A in Neuro2a cells in the absence of serum.
PLC81 was mainly localized at the plasma membrane, and
lower amounts of PLC81 were detected in the cytoplasm and
nucleus as shown previously (21). Wild-type GFP-PLC&3 was
localized at the plasma membrane and nucleus (Fig. 5B). Inter-
estingly, the H393A mutant was not localized in the plasma
membrane or nucleus, suggesting that this mutation affects not
only its PLC activity but also its localization signal.

When we introduced the H393A mutant into PLC83KD
Neuro2a cells, neurite outgrowth was not restored, and the
appearance of the neurite extensions was completely different
(Fig. 5, C and D). The introduction of the catalytic mutant
H393A induced the formation of multiple short protrusions in
contrast to the normal neurite outgrowth induced by wild-type
PLC83 (Fig. 5D). Therefore, we examined the distribution of
cells and neurite or protrusion numbers in these cells by simply
counting them irrespective of their length. A significant num-
ber of H393A-transfected cells generated 3-5 protrusions,
although wild-type PLC&3-transfected cells had 1 or 2 primary
neurites (Fig. 5D). This result clearly indicates that the genera-
tion of supernumerary protrusions is facilitated in PLC63KD
cells expressing the H393A mutant. These results show that
PLC activity is critical for the commitment of neurite genera-
tion and extension during the differentiation process. Notice-
ably, PLC81 could not rescue the inhibitory effect of PLC83
knockdown on neurite outgrowth (Fig. 5C), suggesting an iso-
form-specific signaling pathway for neurite elongation.
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FIGURE 4. PLC&3 is abundant in neuronal cell lines and involved in neurite outgrowth in Neuro2a cells. A, PLC383 is enriched in neuronal cell lines.
Expression profiling of PLC83 in cell lines is shown. The amount of PLC83 was analyzed by Western blots by using B-actin as a control in the following cells: lane
1,U20S; lane 2, Saos2 cells; lane 3, MC3T3; lane 4, OP9; lane 5, HEK293; lane 6, Madin-Darby canine kidney cells; lane 7, mouse embryonic fibroblasts; lane 8, C6
glioma; lane 9, HL60S; lane 10, COS7; lane 11, N1E-115; lane 12, Hela; lane 13, PC-12; and lane 14, Neuro2a. B, Neuro2a cells were transiently transfected with
PENTR™/U6 vectors carrying the control (Scr) or PLC83-targeting sequence (KD), and the PLCS3 level was restored by the introduction of GFP-PLC83 into
PLC83KD cells. The cells were incubated in DMEM without serum for 48 h to induce neurite outgrowth, and the amounts of PLC33 were analyzed using Western
blotting. B-Actin was used for normalization. C, Neuro2a was transfected with control pENTR™/U6 (Scr) or PLC83-targeting shRNA vector (PLC83KD), and
PLC33 level was restored by the co-transfection of GFP-PLC83 into PLC33KD cells at the same time. Empty vector (pEGFP-C) is used as control for the
introduction. The medium was changed 24 h after the transfection. Scale bar, 100 wm. D, data represents the mean = S.D. of three experiments (C). Tukey’s
multiple comparison test was carried out between the indicated populations (**, p < 0.01). £, Neuro2a cells transfected with control pENTR™/U6 (Scr) or
PLC33-targeting shRNA vector (PLC83KD) were treated with 20 um RA in the presence of 2% serum for 24 h. The cells were stained with rhodamine/phalloidin,
and the rate of neurite extension was quantified. Scale bars, 100 um. F, data represent the mean = S.D. of three experiments (Fig. 3E). ***, p < 0.001 (Student'’s
t test).

Constitutively Active PLC83 Stimulates Neurite Elongation in
Both Neuro2a and Cortical Neurons—Recently, Hicks et al. (16)

pmol/min/mg, respectively. In contrast, CA-R79D had signifi-
cantly lower PLC activity (0.03 wmol/min/mg).

reported that the deletion of X/Y linker region results in the
constitutive activation of PLCB2 and PLC¥81. To further exam-
ine the effects of PLCS3 activity on neurite outgrowth, we
deleted the X-Ylinker region of PLC83 by following the case for
PLC41 (Fig. 5E) and characterized the enzymatic property of
the PLC83 mutant (CA). Arg”® in pleckstrin homology (PH)
domain, which is putatively important for specific PI(4,5)P,
binding, was also mutated in the CA mutant (CA-R79D). The
specific activity of CA or wild-type PLC83 was 0.22 or 0.12
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To examine the physiological role of the PLC83 activity, we
introduced GFP-PLC83, CA, or CA-R79D into Neuro2a cells or
cortical neurons, and the neurite outgrowth was analyzed upon
serum withdrawal (Fig. 5, F-H). The GFP-CA mutant was
localized at the plasma membrane or nucleus similar to wild-
type PLC33 in Neuro2a (Fig. 5F). In contrast, CA-R79D was
mainly distributed in the nucleus (Fig. 5F). Noticeably, the CA
mutant exerted a profound effect on neurite outgrowth upon
serum withdrawal (Fig. 5, F and G). Exogenous PLC83 had a
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FIGURE 5. PI(4,5)P, hydrolyzing activity regulates the neurite numbers
and neurite outgrowth upon serum withdrawal. A, PI(4,5)P, hydrolyzing
activity of GST-tagged wild-type PLC83 (wtPLC83), H393A, or GST. Domain
structure of wild-type PLC83 and H393A is shown. The asterisk indicates the
position of the point mutation in catalytic domain of H393A. Recombinant
H393A lacks PLC activity. B, GFP-tagged PLC81, PLC83, or H393A mutant was
transfected into Neuro2a cells for 24 h, and the cells were cultured in DMEM
without serum for 48 h. GFP was used as a control. Scale bars, 10 um. G, effect
of catalytic activity on neurite outgrowth. Cells were subjected to PLC83
knockdown and subsequently transfected with GFP, GFP-PLC83, GFP-H393A,
or GFP-PLCS1. After transfection, the cells were incubated in DMEM without
serum for 48 h, and the percentage of neurite outgrowth in GFP-positive cells
was quantified and represented in a bar graph (%). Data represent the
mean =+ S.D. of three experiments. Tukey's test showed significant difference
between indicated two groups (**, p < 0.01; ***, p < 0.001). D, cells trans-
fected with mutant H393A show formation of supernumerary protrusions.
GFP-PLC83 or GFP-H393A was introduced into PLCS83KD cells, and the cells
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greater stimulatory effect on neurite outgrowth than control
(Fig. 5G); however, expression of CA-R79D somewhat abol-
ished the effect in the absence of serum, indicating that the
activity and specific targeting of PLC83 to the plasma mem-
brane are critical for neurite outgrowth. Similar effect of
GFP-CA introduction on neuronal outgrowth was observed in
cortical neurons at 3DIV (Fig. 5H). The profound effect of
GFP-CA mutant on neurite outgrowth (1.9-fold, Fig. 5I) was
almost proportional to the ratio in specific activity of the GFP-
PLC83 mutants against GFP-PLC83 (1.8-fold), indicating that
PLC83 activity is important for the regulation of neurite out-
growth in cortical neurons.

RhoA/Rho Kinase Signaling Is Located Downstream of PLC83
during Neurite Outgrowth—Several studies have indicated that
the Rho GTPase family members are involved in neurite out-
growth via actin reorganization (1). To examine for a correla-
tion between these small GTPases and PLC83 signaling in neu-
ritogenesis, several CA or dominant negative mutants of Rho
GTPase were introduced into PLCS3KD cells. Interestingly, the
RhoA-DN mutant nullified the inhibitory effects of PLC83
knockdown on neurite extension (Fig. 64, left panel), although
the RhoA-DN itself did not stimulate the outgrowth (Fig. 64,
right panel). The mutant RhoA-CA did not affect the inhibition
caused by PLC83 knockdown. Similarly, mutant Racl-DN,
Cdc42-DN, or Cdc42-CA did not rescue the neurite outgrowth
defect, suggesting that neither Racl nor Cdc42 is involved in
this process. We could not evaluate the effect of mutant
Rac1-CA because these mutant molecules caused a morpholog-
ical abnormality that resulted in cell death. From these results,
we predicted that PLC83 functions upstream of RhoA during
neurite outgrowth in Neuro2a cells, because inhibition of RhoA
promoted the extension only in the case for PLC83KD (right
panel in Fig. 6A).

were stained with rhodamine/phalloidin after a 48-h incubation in DMEM
without serum. A histogram displaying the number of cells plotted against
the indicated number of neurites/protrusions is shown. The population of
GFP-PLC&3 or GFP-H393A transfected cells showing each neurite/protrusion
numbers was analyzed 48 h after serum withdrawal (gray bars, wild-type
PLC83; black bars, H393A) irrespective of their length. Scale bar, 10 um.
E, PI(4,5)P, hydrolyzing activity in recombinant GST-tagged PLC&3, CA, or
CA-R79D. Domain structure of wtPLC83, CA mutant or its PH domain mutant
(CA-R79D) is shown. The asterisk indicates the position of the point mutation
of Arg”® in PH domain required for the specific PI(4,5)P, binding. Dashed line
indicates the deleted amino acid residues located between catalytic X and Y
region in CA mutant. CA mutant shows higher PLC activity than wtPLC83,
whereas CA-R79D shows a little activity. Tukey's test showed significant dif-
ference between indicated two groups (¥, p < 0.05). F, Neuro2a cell express-
ing CA promotes neurite extension. GFP-tagged wtPLC83, CA, or CA-R79D
was transfected into Neuro2a cells for 24 h, and the neurite extension was
analyzed upon serum withdrawal. CA mutant promoted neurite extension.
The point mutation in PH domain abolished the targeting of CA mutant to
plasma membrane. Scale bars, 20 um. G, effect of wtPLC83, CA, or CA-R79D on
neurite growth was analyzed by quantification of the longest neurite extend-
ing from each transfected cell in the absence of serum. The average length
was represented as bar graphs (n = 100), and it is notable that CA mutant but
not CA-R79D promotes significant neurite outgrowth. The Steel-Dwass mul-
tiple comparison test showed significant differences between two conditions
(*, p < 0.05). H, constitutively active PLCS3 effectively promote the neurite
outgrowth in cortical neurons. The effect of wtPLC83, CA, or CA-R79D tagged
with EGFP on neurite growth was analyzed by quantification of the longest
neurite from each EGFP-positive cortical neuron (DIV3). The neurons were
stained with Tuj1 as a neuronal marker. Scale bars, 40 um. |, data represent the
average neurite length of each transfected neuron (n = 100). The Steel-Dwass
test showed significant differences between two conditions (¥, p < 0.05).
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transfected with GFP (mock), Myc-tagged dominant negative Rho family proteins (RhoA, Cdc42, and Rac1), and constitutively active RhoA or Cdc42, designated
as DN and CA, respectively. The degree of neurite outgrowth was quantified, and the data represent the mean = S.D. of three experiments. Tukey's test showed
significant differences between control or myc-RhoA(DN)-transfected PLCS3KD cells and PLCS3KD cells introduced with other Rho family mutants (**, p < 0.01,
left panel). The merely exogenous expression of myc-RhoA(DN) did not stimulate the neurite outgrowth (right panel). ns means not significant. B, treatment
with the Rho kinase inhibitor Y-27632 reverts the inhibitory effects on neurite extension of Neuro2a cells by PLC83 knockdown. Cells were transfected with
control pENTR™/U6 vector (panels a and ¢) or PLC83-targeting shRNA vectors (panels b and d), and treated with (panels c and d) or without (panels a and b) 30
um Y-27632, a specific Rho kinase inhibitor, for 48 h in DMEM without serum to induce neurite outgrowth. Scale bar, 100 um. C, quantitative data of B were
represented as the mean = S.D. of three experiments. Tukey's test showed significant difference between untreated PLC83KD cells and other cells (*, p < 0.05).
D, effects of Y-27632 on neurite outgrowth were analyzed in cortical neurons. Cells were transfected with control pENTR™/U6 vector (panels a and c) or
PLC83-targeting shRNA vectors (panels b and d), and treated with (panels ¢ and d) or without (panels a and b) 25 um Y-27632 for 24 h. Note that treatment of
cortical neurons with 25 um Y-27632 for 24 h reverted the inhibitory effect of PLC83 knockdown on neurite extension as observed in Neuro2a cells. Scale bar,
40 um. E, data represent the mean = S.D. of three experiments (n = 110). Tukey's test showed significant differences between control neurons and other cells
(*, p < 0.05). Scr, scrambled.

To gain further insights into the contribution of the inhibi- showed the same recovery of neurite outgrowth as that of the
tion of RhoA signaling to neuritogenesis, Neuro2a cells or cor-  control (43% in Y-27632 treated cells versus 21% in untreated
tical neurons were treated with Y-27632, a specific inhibitor of  cells), although Y-27632 did not affect neurite outgrowth in the
Rho kinase that is known to act downstream of RhoA. In the control cells (Fig. 6, Band C). Cortical neurons were also treated
case for Neuro2a, PLC83KD cells treated with 30 um Y-27632  with 25 um Y-27632 at 2DIV and incubated for 24 h. Treatment
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of control neurons with Y-27632 did not affect the neurite out-
growth at 3DIV (Fig. 6E). Although PLC&3 KD caused signifi-
cant inhibition of neurite outgrowth in the absence of the Rho
kinase inhibitor, Y-27632 treatment reverted the inhibitory
effect of PLC83KD on the outgrowth to the similar level of
control neurons (Fig. 6, D and E). These results strongly suggest
that RhoA/Rho kinase signaling is negatively regulated by
PLC83 during neuritogenesis.

PLC83 Negatively Regulates RhoA Expression and Activity
during Neuritogenesis—To elucidate how PLC83 negatively
regulates Rho signaling, we focused on the expression levels of
RhoA, Cdc42, and Racl in the control and PLC83KD cells. The
expression level of RhoA was decreased by 50% in control cells
by serum withdrawal (lane 1 versus lane 3 in Fig. 7A), although
this decrease was not observed in the case of PLC83KD cells

(lane 2 versus lane 4 in Fig. 7A). The expression levels of Cdc42
and Racl were neither changed during serum deprivation nor
affected by PLC83 knockdown (Fig. 7A). To investigate the
effects of PLC83 knockdown on Rho activity, we examined the
activation of RhoA using an enzyme-linked immunosorbent
assay for GTP-bound RhoA. The levels of active RhoA were
normalized to the total protein amounts. Upon serum with-
drawal, the active RhoA level was decreased in control Neuro2a
(100% in Ist column versus 62% in 3rd column in the case of
scrambled oligonucleotide-transfected cells); however, the
level was not changed in PLC83KD cells (87% in 2nd column
versus 84% in 4th column) (Fig. 7B, upper panel). The level of
GTP-bound RhoA was not affected by PLC63 knockdown in
the presence of serum. We also assessed the ratio of RhoA activ-
ity to RhoA protein level and found no statistically significant
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effect of serum withdrawal or PLC83 knockdown on the activity
(Fig. 7B, lower panel). These results strongly suggest that
PLC83 lowers the total RhoA activity in control cells without
modulating the Rho-GTP activity, thereby functioning in neu-
ronal outgrowth. A similar reduction in RhoA amounts was
obtained when the cells were differentiated by RA. The
decrease in the expression level of RhoA was not detected in
PLC83KD cells (Fig. 7C). It is interesting to note that reintro-
duction of exogenous GFP-PLC83 induced RhoA down-regu-
lation in both the control (lane 3 versus lane 5 in Fig. 7D) and
PLC83KD cells (lane 4 versus lane 6 in Fig. 7D) after serum
withdrawal, and the expression level of RhoA was inversely pro-
portional to the level of PLC83 level during differentiation (Fig.
7D). In contrast, neither Cdc42 nor Racl expression was
affected by the introduction of PLC&3. Interestingly, the exog-
enous expression of PLC3 did not induce RhoA down-regula-
tion in undifferentiated cells (lane I versus lane 2 in Fig. 7D),
suggesting that the combination of PLC83 with neurite exten-
sion signals is important for RhoA down-regulation (Fig. 7D).
Exogenous PLC83-CA also down-regulated RhoA levels more
than wild-type PLC83 upon serum withdrawal (Fig. 7E).
Several studies have indicated that ubiquitin-mediated pro-
teasomal degradation regulates the levels of the GTPase family
molecules involved in cell polarity such as RhoA or Raplb (22,
23). Smurfl, an E3 ubiquitin ligase, targets RhoA for degrada-
tion and generates a local asymmetry in GTPase activity,
whereas Smurfl does not influence a change in RhoA levels
during RA-induced neurite outgrowth (22). To elucidate
whether the proteolytic degradation machinery or post-trans-
lational down-regulation could be involved in the decrease in
RhoA expression, the control or PLC83KD cells were treated
with proteasomal inhibitors. Neither treatment with MG132
nor lactacystin, which is a more specific proteasomal inhibitor,
resulted in RhoA accumulation in either the control or
PLC83KD cells (Fig. 7F), whereas these reagents induced the
accumulation of B-catenin, one of the proteasomal substrates

Regulation of Neurite Outgrowth by PLC63

(data not shown). This result suggests that RhoA is not targeted
for ubiquitin-proteasomal degradation during serum with-
drawal. Thus, we measured the mRNA levels of the Rho family
using qRT-PCR analysis in control and PLC83KD cells. Follow-
ing serum withdrawal, the RhoA mRNA levels were specifically
decreased in the control cells, but this decrease was not
observed in PLC63KD cells (Fig. 7G). PLC83 knockdown did
not affect the levels of Cdc42 or Racl in differentiated cells.
PLCé83 knockdown in undifferentiated cells did not affect the
mRNA levels of any of the members of the Rho GTPase family
(Fig. 7G). These results strongly suggest that PLC83 negatively
regulates RhoA expression at the transcriptional level by serum
withdrawal.

DISCUSSION

PLC&3 is enriched among PLCS isozymes in neuronal tis-
sues, including the cerebellum and cerebral cortex (Figs. 1, A
and B, and 3A); therefore, we focused on the function of PLC83
in neurons. In this study, we demonstrated for the first time that
PLC83 function is important for neurite formation in primary
cerebellar granule cells (Fig. 1, B-E), outgrowth of axon or den-
drites in cortical neurons (Fig. 3, B-E) in vitro, and the migra-
tion of cortical neurons in the developing brain in vivo (Fig. 2).
Primary culture of granule cells is known to recapitulate the in
vivo development of granule cells in the postnatal cerebellum.
Several reports suggest that the spatial or temporal regulation
of phosphoinositide metabolism could be critical for the forma-
tion of neural networks during cerebellar development (24, 25).
Calcineurin is activated during the proliferation or differentia-
tion of immature cerebellar granule neurons in vitro and in vivo
(26). Cortical lamination in the cerebral cortex is organized by
the sequential migration events of cortical neurons generating
from the proliferating progenitor cells located in the ventricular
zone, namely “inside-out pattern.” Although it was demon-
strated that calcium waves propagate through radial glial cells
by tightly modulating their cell cycle in ventricular zone prolif-

FIGURE 7. PLC33 down-regulates RhoA expression in Neuro2a differentiation. A, PLC33 is involved in the decrease in RhoA expression by serum with-
drawal. The control (lanes T and 3) or PLC83KD cells (lanes 2 and 4) were incubated in DMEM with (lanes 1 and 2) or without (lanes 2 and 4) serum for 48 h to
induce neurite outgrowth, and the total amounts of Rac1, Cdc42, RhoA, PLC81, and PLC83 were analyzed by Western blotting. B-Actin was used for normal-
ization. Quantification of RhoA proteins was performed from three experiments, and the data represent the average intensity = S.D. Tukey's test showed
significant difference between control cells incubated in DMEM without serum and other cells (**, p < 0.01). B, PLC83 is involved in reduced RhoA activity upon
serum withdrawal. The level of active RhoA level is decreased in control cells by serum withdrawal, but PLC83 knockdown reverted the inhibitory effects of
serum withdrawal on RhoA activation (upper panel). Cells were transfected with the control pENTR™/U6 vector (Scr) or PLC83-targeting shRNA vectors
(PLC&3KD) and incubated for 48 h in the presence or absence of serum. The amount of active GTP-bound RhoA was quantified using the G-LISA™ RhoA
activation kit (Cytoskeleton Inc., Denver, CO) according to the manufacturer’'s recommendations. The data represent the mean = S.D. of three experiments.
Dunnett’s multiple comparison test showed significant differences between serum-depleted control cells and other cells (¥, p < 0.05). The amount of RhoA
protein was also analyzed, and the ratio of RhoA activity to RhoA protein level was calculated and presented as bar graph (lower panel). No significant difference
was detected among the data. C, PLC83 is involved in the reduction of RhoA expression by treatment with RA. The control (lane 7) or PLC83KD cells (lane 2) were
incubated with 20 um RA in the presence of 2% serum for 24 h to induce neurite outgrowth, and the amounts of Rac1, Cdc42, RhoA, PLC81, and PLC383 were
analyzed by Western blotting. RhoA protein levels were quantified from three experiments, and the data represent the average intensity + S.D. ¥, p < 0.01
(Student’s t test). D, exogenous PLC83 decreases the RhoA but not Cdc42 or Rac1 level upon serum withdrawal. Endogenous PLC83 was depleted by transient
transfection with the PLC83-targeting shRNA vector (lanes 2, 4, and 6), and GFP-PLC83 was introduced into control (lanes 1 and 3) or PLC83KD cells (lanes 2 and
4). Note that exogenous GFP-PLC83 induced more significant RhoA down-regulation in both cells transfected with the control vector (lanes 3 and 5) and
PLC383KD cells (lanes 4 and 6) by serum withdrawal. In contrast, GFP-PLC83 overexpression did not affect RhoA levels in the presence of serum (lanes 1 and 2).
The asterisk indicates the degradation product of exogenous PLC83. Quantification of RhoA expression in the cells incubated in DMEM without serum was
carried out from three experiments, and the data represent the average intensity = S.D.*, p < 0.05 (Tukey’s multiple comparison test). £, exogenous PLC83 CA
mutant induced more significant RhoA down-regulation than WT in both transfected cells with the control (lanes 2 and 3) or PLC83KD vector (lanes 5 and 6) by
serum withdrawal. F, proteasome inhibitors do not affect the stability of RhoA. The effect of proteasome inhibitors on RhoA stability was analyzed by Western
blotting using Neuro2a cells treated with 20 um MG132 for 6 h or 10 um lactacystin (LC) for 4 h. Neither MG132 nor lactacystin affected the RhoA expression
levels upon serum withdrawal. G, PLC83 specifically down-regulates RhoA upon serum withdrawal at the transcriptional level. RhoA, Rac1, Cdc42, or GAPDH
mRNA levels were analyzed by qRT-PCR. B-Actin and GAPDH were used as controls, and quantification of mRNAs was performed in duplicate and repeated at
least three times. The columns represent mean values, and the bars represent the S.D. Tukey's test showed significant differences between serum-depleted
control and other groups (**, p < 0.01).
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eration, leading to the synchronous mobilization of migrating
neurons in the neocortex (27), it seems to be unlikely that
PLC83 is involved in the process in the ventricular zone. Radial
glia has an important role in the cortical neuronal migration
during the development of the cerebral cortical plate, and the
neuronal migration is regulated by the following processes:
generation of neuronal precursor and their initial migration,
locomotion involving nucleokinesis, and the acquisition of
appropriate laminar position (28, 29). Most of dissociated
PLC83KD neurons exhibited lack of dendritic maturation (Fig.
3E). Axonal outgrowth of cortical neurons was also impaired by
PLC83 knockdown treatment (Fig. 3, B—E), and PLC83 activity
was required for the extension of cortical axon (Fig. 5, H and I).
Therefore, it seems to be reasonable that PLC63KD could affect
neuronal outgrowth processes, and PLC83 may function in the
proper organization and development of the cerebral cortex or
cerebellum by regulating Ca®>"* signaling. The involvement of
DAG and PKC5 activation in cortical migration has also been
shown by knockdown experiments by in utero electroporation
(30).

To gain further insights into the molecular mechanism of
PLC83 in neuronal extension, we searched several neuronal cell
lines expressing PLC&3 and found that PLC33 is relatively
abundant in Neuro2a cells (Fig. 44). We showed that PLC83 is
also indispensable for neurite outgrowth in Neuro2a neuro-
blastoma cells induced by serum withdrawal (Fig. 4, C and D) or
treatment with RA (Fig. 4, E and F). RA secretion from the
cortical meninges is known to regulate the generation of corti-
cal neurons (31), suggesting that the involvement of PLC83 in
neuronal extension could recapitulate the iz vivo model of neu-
rogenesis. It was noted that the H393A mutant did not com-
pensate for the inhibitory effect of PLC83 knockdown on neu-
rite outgrowth and induced formation of multiple protrusions
in PLC83KD cells (Fig. 5D). In addition, PLC83-CA but not the
CA-R79D mutant promoted neurite elongation (Fig. 5F). Sim-
ilar effect of CA mutant on neuronal outgrowth was also
observed in cortical neurons (Fig. 5, H and I), indicating that the
catalytic activity of PLC83 is necessary for normal neurite out-
growth. Interestingly, PLC61 could not rescue the inhibition of
neurite extension caused by PLC83 knockdown (Fig. 5C), indi-
cating that merely the P1(4,5)P, hydrolyzing activity of PLC83 is
not sufficient to promote neurite outgrowth. An unknown
PLC83 co-activator could account for the commitment to neu-
rite polarity or elongation during neuronal differentiation.

It has been widely accepted that Rho family proteins have an
important role in the neuronal differentiation during the brain
development. The regulatory mechanism of Rho signaling
seems to be divergent and cell type-specific, a growth factor or
cell cycle regulator-dependent mechanism is integrated in their
regulation for neuronal outgrowth (32, 33). Very close correla-
tions between the Rho family of small GTPases and phospho-
inositide metabolism have been reported. RhoA directly regu-
lates the activity of phosphatidylinositol kinase type I (7), and a
kinase-defective phosphatidylinositol kinase rescues the inhib-
itory effects of RhoA on neurite outgrowth (34). Therefore, we
examined whether the Rho family is involved in neurite exten-
sion mediated by PLC83. Down-regulation of RhoA signaling
upon differentiation in our system seems to be tightly regulated
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by PLC&3 activity. First, the introduction of dominant negative
RhoA showed a reversible effect on the neurite extension sup-
pressed by PLC83 knockdown in Neuro2a. Expression of
Rho-DN itself did not stimulate neuronal outgrowth in
Neuro2a cells (Fig. 6A), although the inhibition of RhoA or Rho
kinase activity itself has been known to stimulate axonal out-
growth in dorsal root ganglion neurons or some other neuronal
cell lines such as PC-12 (1, 35). Second, treatment with
Y-27632, a specific Rho kinase inhibitor, rescues neurite out-
growth inhibited by PLC83 knockdown in Neuro2a; however, it
did not stimulate the outgrowth in control cells (Fig. 6, Band C).
The reversible effect of Y-27632 on neurite outgrowth was also
observed in the case for cortical PLC63KD neurons (Fig. 6, D
and E). Third, PLC&3 down-regulated RhoA levels upon serum
withdrawal in Neuro2a and CA mutant down-regulated the
RhoA protein levels more than wild-type PLC83 (Fig. 7, A and
C-E). These results strongly support the idea that RhoA/Rho
kinase signaling is specifically located downstream of PLC83 in
neurite outgrowth and that this signaling is negatively regulated
by PLC83 during neuritogenesis in the case for Neuro2a or
cortical neurons.

The activation/inactivation of RhoA is regulated by a balance
between RhoGAP and RhoGEF. Furthermore, the amount of
the GTP-bound active form is considered to be an index of
RhoA activation. We observed a decrease in the level of active
RhoA levels in control Neuro2a cells upon serum withdrawal,
whereas there was no decrease detected in PLC83KD cells (Fig.
7B). However, the ratio of RhoA activity to RhoA protein level
was not significantly changed by either serum withdrawal or
PLC83 knockdown, indicating that PLC83 regulates the total
RhoA protein levels without modulating the RhoA activity
through RhoGAP or RhoGEF.

More importantly, we show here that the protein level of
RhoA is decreased via a mechanism mediated by PLC83 only
during the differentiation process, i.e. as a result of serum with-
drawal or RA treatment (Fig. 7, A and C). More direct evidence
was obtained by the experiment in which exogenously
expressed PLC83 down-regulated the level of RhoA when cells
were starved of serum (Fig. 7D). It has been shown that expres-
sion level of RhoA in migrating neurons is down-regulated
compared with premigratory cells in cortical ventricular zone
(36) and lysophosphatidic acid, the major survival factor in
serum, regulates Rho and Rho kinase activation through actin
reorganization during neurite retraction (37). Loss of the lyso-
phosphatidic acid receptor (LPA1) results in a disorganized
brain structure (38); therefore, PLC3 could interfere with lyso-
phosphatidic acid-mediated signaling by inhibiting down-
stream RhoA/Rho kinase signaling.

Because the decrease in RhoA expression during neurite out-
growth induced by serum withdrawal is not prevented by treat-
ment with any proteasome inhibitor (Fig. 7F), PLC83 may be
involved in a novel mechanism that down-regulates the level of
RhoA in the case of RA or serum withdrawal-induced neurito-
genesis. qRT-PCR analysis revealed that the amount of RhoA
mRNA was negatively regulated at the transcriptional level by
PLC83 when serum was depleted (Fig. 7G). These results indi-
cate that PLC83 down-regulates RhoA/Rho kinase signaling,
not via the modulation of Rho GTPase activity or proteasomal
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degradation. Considering the localization and PLC activity of
the CA and CA-R79D mutant (Fig. 5F), normal neurite out-
growth may require RhoA down-regulation through regulated
PLC83 activation and the generation of second messengers,
namely IP, and DAG at the plasma membrane upon serum
withdrawal (supplemental Fig. 3). The treatment with phorbol
12-myristate 13-acetate, an activator of conventional and novel
protein kinase C or Ca>"-mobilizing reagents such as ionomy-
cin or thapsigargin, a Ca>*-ATPase inhibitor irreversibly
depleting intracellular Ca>" store, induced RhoA down-regu-
lation in both control and PLC83KD cells in the absence of
serum (supplemental Fig. 3). These results suggest that both
DAG and IP; are important for the down-regulation of RhoA,
thus promoting the neurite outgrowth.

In summary, we demonstrated for the first time that the
PLCd3 is involved in neuronal extension in vitro and in vivo.
PLC activity is necessary for the commitment to neurite gener-
ation and outgrowth. In addition, our results show that PLC63
induces RhoA down-regulation; thus, it inhibits RhoA/Rho
kinase signaling and promotes the extension of neurites. These
findings further strengthen the notion that PI(4,5)P,/phospha-
tidylinositol 3,4,5-trisphosphate metabolism is a critical deter-
minant for neurite outgrowth and polarity.
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