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During neurite outgrowth, Rho small G protein activity is
spatiotemporally regulated to organize the neurite sprouting,
extension, and branching. We have previously identified a po-
tent Rho GTPase-activating protein (GAP), RA-RhoGAP, as a
direct downstream target of Rap1 small G protein in the neu-
rite outgrowth. In addition to the Ras-associating (RA) domain
for Rap1 binding, RA-RhoGAP has the pleckstrin homology
(PH) domain for lipid binding. Here, we showed that phospha-
tidic acid (PA) bound to the PH domain and enhanced GAP
activity for Rho. RA-RhoGAP induced extension of neurite in a
diacylglycerol kinase-mediated synthesis of the PA-dependent
manner. Knockdown of RA-RhoGAP reduced the diacylglyc-
erol kinase-induced neurite extension. In contrast to the effect
of the RA domain, the PH domain was specifically involved in
the neurite extension, not in the sprouting and branching.
These results indicate that PA and Rap1l cooperatively regulate
RA-RhoGAP activity for promoting neurite outgrowth.

Formation and extension of axons and dendrites, the so-
called neurite outgrowth, are crucial events in neuronal differ-
entiation and maturation during development of the nervous
system (1, 2). As neurites extend further and acquire their
final axonal and dendritic identities, neurons establish synap-
tic contacts and reach full maturation (3—5). These morpho-
logical changes require remodeling of the actin cytoskeleton
(6). Rho small G protein is a key regulator of the actin cy-
toskeleton organization in neurons and has been shown to
play important roles in several aspects of neurite outgrowth,
such as sprouting, extension, and branching (7, 8). An in-
crease in Rho activity results in reduction of neurite sprout-
ing, extension, and branching, whereas a decrease in Rho ac-
tivity enhances neurite sprouting, extension, and branching
(9-12). The Rho activity is positively regulated by guanine
nucleotide exchange factors (GEFs)” and negatively regulated
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by GTPase-activating proteins (GAPs) (13). Several RhoGEFs
and RhoGAPs have been shown to be important for the neu-
rite outgrowth (14). Among them, we have previously identi-
fied RA-RhoGAP as a novel downstream target of the Rapl
small G protein, which has the PH, RA, GAP, and annexin-
like repeat domains (15). RA-RhoGAP is activated by Rap1
and induces inactivation of Rho, resulting in the neurite out-
growth. Upon stimulation, Rapl1 is transiently activated at the
tips of the sprouting neurites (16). However, sustained inacti-
vation of Rho is required for the neurite extension and
branching after sprouting (11, 12, 17). Thus, other factors may
alternatively suffice to activate RA-RhoGAP at the leading
edges of neurites.

In the cellular signaling mechanism, the lipid-mediated
second messenger system is one of the major machineries in
various kinds of cells (18 -20). Following activation of G, pro-
tein-coupled receptors, such as metabotropic glutamate re-
ceptor 1 (mGluR1) and mGluRS5, in response to external stim-
uli, phospholipase C yields a pair of second messengers,
diacylglycerol (DAG) and inositol 1,4,5-triphosphate (21). In
this system, diacylglycerol kinase (DGK) phosphorylates DAG
to produce another second messenger, phosphatidic acid (PA)
(22, 23). One of the best known functional roles of DGK is the
negative regulation of protein kinase C, for which DAG acts
as an allosteric activator and whose activity plays a central
role in many different cell types (18). In addition, recent stud-
ies have revealed that PA also acts as second messenger to
regulate a number of signaling molecules (19, 20). Therefore,
DGK is thought to mediate signal transduction by modulating
levels of DAG and PA, attenuation of DAG and production of
PA (22, 23). PA is a negatively charged phospholipid that can
function as a lipid anchor by binding directly to positively
charged sites on effector proteins (20). Among the various
cellular functions controlled by PA, cell proliferation and sur-
vival signaling are mediated by specific interactions with
mSOS and mammalian target of rapamycin (24, 25), respec-
tively. DOCK?2, a GEF for Rac, binds PA through polybasic
regions to mediate neutrophil chemotaxis (26). In addition,
the cytosolic tyrosine kinase Fer binds PA through the FX
domain to mediate cell migration (27). Although DGK} has
been implicated in neurite outgrowth (28), other protein tar-
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gets that interact with PA to promote neurite outgrowth are
largely unknown.

We have identified here RA-RhoGAP as a downstream tar-
get of PA. PA activates RA-RhoGAP and induces inactivation
of Rho more potently than Rapl. RA-RhoGAP is involved in a
DGKp-PA signaling pathway that mediates neurite out-
growth. Rap1 activates RA-RhoGAP and enhances the num-
ber, length, and branching of neurites. In contrast, PA acti-
vates RA-RhoGAP and enhances the length of neurites
preferentially. Thus, PA and Rap1 cooperatively regulate RA-
RhoGAP activity and promote neurite outgrowth.

EXPERIMENTAL PROCEDURES

Construction of Expression Vectors—Mammalian expres-
sion vectors for RA-RhoGAP were constructed by subcloning
the cDNAs into pCA vectors (29) with N-terminal HA tags.
The constructs of RA-RhoGAP contained the following aa:
pCA-HA-RA-RhoGAP, aa 1-1194; pCA-HA-PH-RA domain,
aa 1-370. The cDNA for the GAP activity-defective mutant,
R399A, was reported previously (15). The cDNA for a PH do-
main mutant of RA-RhoGAP (PH MT) was generated by re-
placing lysine at position 95, arginine at position 96, arginine
at position 100, and histidine at position 104 with alanines
using the QuikChange site-directed mutagenesis kit (Strat-
agene, Loyola, CA). The cDNA for an RA domain mutant of
RA-RhoGAP (RA MT) was similarly generated by replacing
lysine at position 199 and arginine at position 240 were re-
placed with glutamic acids. The cDNAs of the mutants were
subcloned into the pCA vectors with N-terminal HA tags.
The ¢cDNA of DGKp was provided by Dr. K. Goto (Yamagata
University, Yamagata, Japan) and subcloned into the pCA
vector with a C-terminal Myc tag. The cDNAs of Rap1B-
G12V and Rap1B-Q63E were provided by Dr. M. Matsuda
(Kyoto University, Kyoto, Japan) and subcloned into the pCA
vectors with N-terminal Myc tags. Bacterial expression vec-
tors for GST-fused PH domains (aa 1-273) of RA-RhoGAP
and PH MT were constructed by subcloning the cDNAs into
pGEX vectors.

Antibodies—A mouse anti-HA monoclonal Ab (mAb) was
purchased from Babco (Richmond, CA). A rabbit anti-c-Myc
polyclonal Ab (pAb) and a mouse anti-GST mAb were pur-
chased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
A rabbit anti-RA-RhoGAP pAb was purchased from LifeSpan
Biosciences, Inc. (Seattle).

Protein-Lipid Overlay Assay—GST-fused PH domain
(GST-PH domain WT or GST-PH domain MT) was gener-
ated in Escherichia coli and purified. Protein-lipid overlay as-
says were performed using PIP Strips™ (Echelon Biosciences,
Salt Lake City, UT). PIP Strips™ were blocked in 1% skim
milk in PBS-T (0.1% Tween 20 in PBS) at room temperature
for 1 h. The strips were then incubated with 0.4 mg of
GST-PH domain WT or GST-PH domain MT at 4 °C over-
night. Then the strips were washed three times in PBS-T and
incubated with the anti-GST mAb (1:2000) at room tempera-
ture for 1 h. The strips were then incubated with a horserad-
ish peroxidase-conjugated anti-mouse IgG antibody (1:2000;
GE Healthcare) at room temperature for 1 h. The signals
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were detected by enhanced chemiluminescence (ECL) (GE
Healthcare).

Liposome Co-sedimentation Assay—Liposomes composed
of phosphatidylcholine (PC), both PC and PA, both PC and
PI(3)P, or both PC and PI(3,4)P, (weight ratio 6:4), were incu-
bated with 1 ug of the purified GST-PH domain WT or
GST-PH domain MT in 100 ul of buffer (50 mm Tris/HCI, pH
7.4, and 100 mm NaCl). After incubation at 30 °C for 30 min,
the reaction mixtures were centrifuged at 10,000 X g for 10
min. Pellets were then subjected to SDS-PAGE and immuno-
blotted with the anti-GST mAb.

RhoGAP Assay—RhoGAP assay was performed as de-
scribed previously (15, 30). Lipid-modified Rap1B, RhoA, and
His-RA-RhoGAP proteins were generated in Sf9 cells using
the baculovirus expression system as described previously (15,
31, 32). The unprenylated form of Rap1B-G12V was gener-
ated in E. coli and purified. Lipid-modified RhoA (3 pmol) was
incubated in 10 ul of reaction mixture containing 20 mm Tris/
HCI, pH 8.0, 10 mm EDTA, 5 mm MgCl,, 0.4 mm dithiothre-
itol, 0.3% CHAPS, and 1.67 um [y->?P]GTP (1 X 10* cpm/
pmol) at 30 °C for 10 min. The GTP loading was terminated
by adding 5 ul of 80 mm MgCl,. For dose-dependent effects of
PA on the GAP activity, His-RA-RhoGAP (0.12 pmol) and
liposomes composed of PC (12 nmol); PC (11.78 nmol) and
PA (0.22 nmol); PC (11.45 nmol) and PA (0.55 nmol); PC
(10.9 nmol) and PA (1.1 nmol); PC (9.8 nmol) and PA (2.2
nmol); or PC (7.6 nmol) and PA (4.4 nmol) were incubated at
30 °C for 30 min. In some instances, water-soluble di-
octanoylphosphatidic acid was incubated instead of the PA-
containing liposomes. The samples were mixed with 12.5 ul
of [y->*P]GTP-loaded RhoA in a total volume of 50 ul and
further incubated at 25 °C for 3 min. For dose-dependent ef-
fects of unprenylated Rap1l on the GAP activity, His-RA-
RhoGAP (0.12 pmol) and various amounts of the GTP~S-
bound form of unprenylated Rap1B-G12V (0.5, 1.0, 2.5, 5, 10,
and 20 pmol) were incubated at 30 °C for 30 min, followed by
incubation with [y-32P]GTP-loaded RhoA at 25°C for 3 min.
For comparison of the effects of PA and Rap1l on the GAP
activity, His-RA-RhoGAP (0.12 pmol), His-RA-RhoGAP (0.12
pmol) and the GTPyS-bound form of lipid-modified Rap1B
(Rap1) (5 pmol), His-RA-RhoGAP (0.12 pmol) and liposomes
composed of PC (10.9 nmol) and PA (1.1 nmol), or His-RA-
RhoGAP (0.12 pmol), Rap1 (5 pmol) and liposomes composed
of PC (10.9 nmol) and PA (1.1 nmol) were incubated at 30 °C
for 30 min. The samples were mixed with 12.5 ul of
[y->?P]GTP-loaded RhoA in a total volume of 50 ul and fur-
ther incubated at 25 °C for the indicated periods of time.
Then the mixture was applied to a nitrocellulose filter, and
the radioactivity retained on the filter was measured by Ce-
renkov counting.

Knockdown of RA-RhoGAP by the RNA Interference (RNAi)
Method—The mammalian expression vector, pSUPER (33),
was used for expression of small interfering RNA (siRNA) in
NG108 cells. RA-RhoGAP siRNA and the scrambled siRNA
were designed as described previously (15). In some instances,
stealth siRNAs (Invitrogen) were designed toward RA-
RhoGAP (5'-AAUGCUGGCAGAAUGGCUGUCUCUG-3'
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and 5'-UAAAUAAGCUAGGUGGCUGCUGGCC-3") and
used for knockdown.

Quantification of Neurites—NG108 cells were maintained
in DMEM supplemented with 10% fetal bovine serum (FBS).
To activate group I mGluRs, NG108 cells were cultured in
DMEM supplemented with 1% FBS in the presence or ab-
sence of 10 um DHPG for 1 or 2 days. To induce Rap1B-me-
diated neurite outgrowth, NG108 cells were cultured in
DMEM supplemented with 1% FBS in the presence or ab-
sence of 0.6 mm 8CPT-cAMP for 2 days and processed for
immunocytochemistry (15, 34). Images were captured using a
confocal laser-scanning microscope (LSM 510-V3.2; Carl
Zeiss, Inc., Jena, Germany) using a X20 objective. Collected
data were exported as 8-bit TIFF files and processed using
Adobe Photoshop software. For the neurite outgrowth assay,
40-60 cells randomly chosen in each group were measured
for morphological parameters in a single experiment, and the
statistical values of the morphological parameters were ob-
tained from three independent experiments. The number of
primary neurites per cell was defined as the number of thin
cell processes with a length longer than one cell diameter. The
length of individual neurites for each cell was measured by
use of the LSM Image Browser software (Zeiss). Neurite
length was defined as the traced distance from the neurite tip
to the point where the neurite emanated from the cell body.
Neurite length encompasses all visible parts of a neurite with-
out the length of its branches. Collaterals longer than one cell
diameter were counted as branches. The statistical signifi-
cance of differences between each group was analyzed by the
two-tailed Student’s ¢ test.

RESULTS

Specific Binding of the PH Domain of RA-RhoGAP to Phos-
phatidic Acid—PH domains are well known as phospholipid-
binding domains (35, 36). To examine which phospholipid
preferentially bound to the PH domain of RA-RhoGAP, we
performed a protein-lipid overlay assay using purified GST-
fused PH domain of RA-RhoGAP (GST-PH domain WT).
GST-PH domain WT bound strongly to PA (Fig. 14). The
faint bindings of GST-PH domain WT to PI(3)P and PI(3,4)P,
were also detected. Previous site-directed mutagenesis studies
of the PH domains identified four conserved basic residues
essential for the binding to phospholipids (37, 38). Therefore,
we mutated the four residues of the PH domain of RA-
RhoGAP to alanines (PH domain MT) and generated GST-
fused PH domain MT (GST-PH domain MT). GST-PH do-
main MT very weakly bound to PA relative to GST-PH
domain WT (Fig. 14). On the other hand, the mutations did
not affect the faint bindings to PI(3)P and PI(3,4)P,, suggest-
ing that these bindings are dispensable. These results indicate
that the PH domain of RA-RhoGAP binds to PA preferen-
tially. To further confirm the binding to PA, we performed a
liposome co-sedimentation assay. GST-PH domain WT was
significantly co-sedimented with the liposome composed of
PC and PA but not with the liposome composed of PC, PC
and PI(3)P, or PC and PI(3,4)P, (Fig. 1B). GST-PH domain
MT was not co-sedimented with the liposome composed of
PC, PC, and PA, PC and PI(3)P, or PC and PI(3,4)P,. In good
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FIGURE 1. Specific binding of the PH domain of RA-RhoGAP to PA.

A, phospholipid-binding ability of GST-PH domain WT or GST-PH domain
MT. PIP Strips™ were incubated with GST-PH domain WT or GST-PH domain
MT (0.1 mg/ml), and proteins bound to lipids were detected with the anti-
GST mADb. LPA, lysophosphatidic acid; LPC, lysophosphocholine; PE, phos-
phatidylethanolamine; S7P, sphingosine 1-phosphate; PS, phosphatidyl-
serine. B, liposome co-sedimentation assay. Liposomes composed of PC,
both PCand PA, both PC and PI(3)P, or both PC and PI(3,4)P, were incu-
bated with 1 ug of GST-PH domain WT or GST-PH domain MT at 30 °C for 30
min. The reaction mixtures were then centrifuged, and the pellets, as well as
input proteins, were analyzed by immunoblotting with the anti-GST mAb.

agreement with the above protein-lipid overlay assay, these
results indicate that the PH domain of RA-RhoGAP binds to
PA.

Enhancement of GAP Activity of RA-RhoGAP by PA—We
previously demonstrated that RA-RhoGAP has a GAP activity
toward RhoA, and the GAP activity is enhanced by prenylated
Rap1B binding to the RA domain of RA-RhoGAP (15). To
exclude the possibility that prenylated Rap1B might recruit
RA-RhoGAP to liposomes accompanying RhoA, we examined
the effect of unprenylated Rap1B on the GAP activity. Unpre-
nylated Rap1B enhanced the GAP activity in a dose-depen-
dent manner (supplemental Fig. 14), indicating that Rap1
binding to the RA domain allosterically enhances the GAP
activity. To examine the effect of PA binding on the GAP ac-
tivity of RA-RhoGAP, we measured the GAP activity in the
absence or presence of various combinations of PA and the
GTPvyS-bound form of prenylated Rap1B (Rap1). First, we
titrated PA. [y-*>P]GTP-bound RhoA was incubated with
His-RA-RhoGAP in the presence of PC-based liposomes con-
taining various amounts of PA. The GAP activity of RA-
RhoGAP was enhanced in a PA concentration-dependent
manner (Fig. 24). In addition, we also observed enhancement
of the GAP activity by using dioctanoylphosphatidic acid, a
soluble form of PA, instead of the PA liposomes (supplemen-
tal Fig. 1B). These results indicate that PA binding to the PH
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FIGURE 2. Enhancement of GAP activity of RA-RhoGAP by PA. A, en-
hancement of GAP activity of RA-RhoGAP by PA. [y->2P]GTP bound to RhoA
was incubated with 2.4 nm His-RA-RhoGAP and liposomes composed of PC
(240 um); PC (236 um) and PA (4.5 um); PC (229 um) and PA (11 um); PC
(217.5 um) and PA (22.5 pum); PC (195 um) and PA (45 um); or PC (150 um) and
PA (90 um) for 3 min. After incubation, the hydrolysis of [y->?PIGTP bound
to RhoA was assayed by measuring the radioactivity of [y->?PIGTP bound to
RhoA using the nitrocellulose filtration method. B, enhancement of GAP
activity of RA-RhoGAP by PA and Rap1. [y->?PIGTP bound to RhoA was incu-
bated with 2.4 nm His-RA-RhoGAP, His-RA-RhoGAP, and 100 nm GTPyS-
bound form of Rap1B (RapT), His-RA-RhoGAP, and liposomes composed of
PC (195 um) and PA (45 um), His-RA-RhoGAP, 100 nm Rap1, and liposomes
composed of PC (195 um) and PA (45 um) or buffer (Control) for the indi-
cated periods of time. After incubation, the hydrolysis of [y->?PIGTP bound
to RhoA was assayed by measuring the radioactivity of [y-*?P]GTP bound to
RhoA using the nitrocellulose filtration method. The results shown are rep-
resentative of three experiments.

domain allosterically enhances the GAP activity of RA-
RhoGAP. Next, we measured the GAP activity in the presence
of PC-based liposomes containing PA, Rapl, or both PC-
based liposomes containing PA and Rapl. Consistent with the
above results and the previous report (15), the GAP activity
was enhanced by PA and Rapl, respectively. The GAP activity
was enhanced by both PA and Rapl more than PA or Rapl
alone (Fig. 2B). These results indicate that PA binding to the
PH domain enhances the GAP activity of RA-RhoGAP inde-
pendently of Rapl.

Involvement of PA Binding to the PH Domain in the Neurite
Extension by Activation of GAP Activity of RA-RhoGAP—W'e
have previously shown that RA-RhoGAP regulates the neurite
outgrowth (15). It also has been reported that DGKp, an en-
zyme to produce PA (22, 23), regulates the neurite outgrowth
(28). Therefore, we transfected various constructs of RA-
RhoGAP (Fig. 34) and/or DGKP into NG108 cells and exam-
ined the effect of PA binding to RA-RhoGAP on the neurite
outgrowth. We first overexpressed DGK in NG108 cells.
Overexpression of DGKp increased the length of neurites
(Fig. 3, Band C, panel b). However, overexpression of DGKf
did not affect the number and branching of neurites (Fig. 3C,
panels a and c), indicating that overexpression of DGKp pref-
erentially induces neurite extension. We next overexpressed
RA-RhoGAP, RA-RhoGAP-PH MT (the PA binding-defective
mutant), or RA-RhoGAP-R399A (a GAP activity-defective
mutant) or co-overexpressed each of them with DGKp. Con-
sistent with the previous report (15), overexpression of RA-
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RhoGAP increased the number, length, and branching of neu-
rites relative to untransfected control cells (Fig. 3, B and C).
Co-overexpression of RA-RhoGAP and DGK} further in-
creased the length of neurites but not the number and
branching of neurites relative to overexpression of RA-
RhoGAP (Fig. 3, B and C). These results indicate that DGKf3
enhances RA-RhoGAP-mediated neurite extension. Overex-
pression of RA-RhoGAP-PH MT also increased the number,
length, and branching of neurites relative to untransfected
control cells (Fig. 3, B and C). However, overexpression of
RA-RhoGAP-PH MT increased the length of neurites less
than overexpression of RA-RhoGAP (Fig. 3C, panel b). Co-
overexpression of RA-RhoGAP-PH MT and DGKp did not
increase the length of neurites as well as the number and
branching, relative to overexpression of RA-RhoGAP-PH MT
(Fig. 3, B and C). These results indicate that DGKf3 requires
PA binding to the PH domain of RA-RhoGAP to enhance
RA-RhoGAP-mediated neurite extension. Consistent with the
previous report that the GAP activity is essential for inducing
neurite outgrowth (15), overexpression of RA-RhoGAP-
R399A did not increase the length, number, and branching of
neurites relative to untransfected control cells (Fig. 3, B and
C). Indeed, co-overexpression of RA-RhoGAP-R399A and
DGKB did not increase the length, number, and branching of
neurites relative to overexpression of RA-RhoGAP-R399A
(Fig. 3, Band C). Overall, these results indicate that PA bind-
ing to RA-RhoGAP is preferentially involved in the neurite
extension and suggest that DGKf activates the GAP activity
of RA-RhoGAP through provision of PA, leading to exclusive
neurite extension.

Involvement of RA-RhoGAP in the Neurite Extension Down-
stream of DGKB—To further confirm that RA-RhoGAP pref-
erentially regulated the neurite extension downstream of
DGKp, we performed knockdown of RA-RhoGAP in the
DGKB-overexpressing cells by using the RNAi method.
Scramble RNA or RA-RhoGAP siRNA, the same one used in
the previous study (15), was co-transfected with DGKf in
NG108 cells. Knockdown of RA-RhoGAP reduced the neurite
extension of the DGKS-overexpressing cells (Fig. 4, A and B,
panel b). However, the knockdown of RA-RhoGAP did not
affect the number and branching of neurites of DGKS-over-
expressing cells (Fig. 4B, panels a and c). We also designed
two other stealth siRNAs targeting RA-RhoGAP (supplemen-
tal Fig. 2A) and obtained the similar results by using these
siRNAs (supplemental Fig. 2, B and C). Human RA-RhoGAP
gene is not a target of the above RA-RhoGAP siRNAs that are
designed toward both mouse and rat genes. Indeed, expres-
sion of exogenous human RA-RhoGAP in the RA-RhoGAP
knockdown cells overexpressing DGKp rescued the RNAi-
mediated perturbation of neurite outgrowth (supplemental
Fig. 3), ruling out the possibility of the off-target effects.
Therefore, these results indicate that RA-RhoGAP preferen-
tially regulates the neurite extension downstream of DGKp.

Involvement of RA-RhoGAP in the Neurite Extension Down-
stream of Metabotropic Glutamate Receptors (mGluRs)—Pre-
vious studies show that activation of group I mGluRs
(mGluR1 and mGluR5) induces production of DAG through
phospholipase C (21, 39, 40). DAG is a substrate of DGKp for
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FIGURE 3. Involvement of PA binding to the PH domain in the RA-RhoGAP-mediated neurite extension. A, schematic structure of RA-RhoGAP and its
point mutants. B, effects of RA-RhoGAP and its mutants on the neurite outgrowth in the DGKB-untransfected or DGKB-transfected NG108 cells. NG108 cells
were transfected with GFP (Control) or co-transfected with GFP as a morphological marker along with HA-RA-RhoGAP (WT), HA-RA-RhoGAP-PH MT (PH MT),
HA-RA-RhoGAP-R399A (R399A), myc-DGKP (DGKB), both myc-DGKB and HA-RA-RhoGAP, both myc-DGKB and HA-RA-RhoGAP-PH MT, or both myc-DGKB
and HA-RA-RhoGAP-R399A, cultured in DMEM supplemented with 10% FBS for 48 h, and allowed to extend neurites. The transfected cells were identified
by the expression of GFP (green), and the expressions of HA-RA-RhoGAP and myc-DGK were examined by doubly staining with the anti-HA mAb (red) and
the anti-Myc pAb (blue). Bars, 50 um. C, quantitative analysis of the neurites outgrowth of the transfected NG108 cells. 40-60 neurons were measured for
morphological parameters in a single experiment, and the statistical values of the morphological parameters were obtained from three independent exper-
iments. Panel a, quantitative analysis of the number of neurites per transfected cell. Panel b, quantitative analysis of the length of neurites per transfected
cell. Panel ¢, quantitative analysis of the number of branch tips per transfected cell. Error bars indicate S.D. Asterisks indicate statistical significance (Student’s

ttest; *, p < 0.01).

PA production (22, 23). NG108 cells expressed mGluR1,
mGluR5, and DGK}B as detected by RT-PCR analysis (supple-
mental Fig. 4). Therefore, we examined the effect of activation
of mGluRs on the neurite outgrowth in NG108 cells. NG108
cells were cultured in the absence or presence of dihydroxy-
phenylglycine (DHPG), a group I mGluRs agonist (39). In the
presence of DHPG, NG108 cells extended longer neurites
than in the absence of DHPG (supplemental Fig. 5). The num-
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ber and branching of the neurites did not increase in the pres-
ence of DHPG. These results indicate that activation of
mGluRs preferentially induces neurite extension. Next, we
examined whether RA-RhoGAP was involved in the mGluRs-
mediated neurite extension. We knocked down RA-RhoGAP
in NG108 cells by siRNA that was the same one used in the
previous study (15) and cultured in the presence of DHPG.
The knockdown of RA-RhoGAP reduced the mGluRs-medi-
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FIGURE 4. Involvement of RA-RhoGAP in the neurite extension downstream of DGK. A, effect of RA-RhoGAP knockdown on the neurite outgrowth in
the DGKB-overexpressing NG108 cells. NG108 cells were co-transfected with GFP as a morphological marker along with both scramble RNA (Scramble) and
myc-DGK or both RA-RhoGAP siRNA and myc-DGK, cultured in DMEM supplemented with 10% FBS for 48 h, and allowed to extend neurites. The cells
expressing the RA-RhoGAP siRNA or the scramble RNA were identified by the expression of GFP (green). The expression of myc-DGKB was examined by im-
munostaining with the anti-Myc pAb (red). It is noted that the RA-RhoGAP siRNA is the same one as used in the previous study (15). Bars, 50 um. B, quantita-
tive analysis of the neurite outgrowth of the transfected NG108 cells. Panel a, quantitative analysis of the number of neurites per transfected cell as in Fig.
3C, panel a. Panel b, quantitative analysis of the length of neurites per transfected cell as in Fig. 3C, panel b. Panel ¢, quantitative analysis of the number of

branch tips per transfected cell as in Fig. 3C, panel c.

ated neurite extension (Fig. 5, A and B, panel b). However, the

knockdown of RA-RhoGAP did not affect the number and
branching of neurites (Fig. 5B, panels a and c). We also ob-
tained similar results by using the two other stealth RA-
RhoGAP siRNAs (supplemental Fig. 6). In addition, expres-
sion of exogenous human RA-RhoGAP in the knockdown
cells rescued the RNAi-mediated perturbation of neurite out-
growth in the presence DHPG (supplemental Fig. 7), ruling
out the possibility of the off-target effects. These results indi-
cate that RA-RhoGAP preferentially regulates the neurite ex-
tension downstream of mGluRs.
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We next overexpressed various constructs of RA-RhoGAP
in the absence or presence of DHPG and examined the effect
of PA binding to RA-RhoGAP on the mGluRs-mediated neu-
rite extension. Overexpression of RA-RhoGAP in the pres-
ence of DHPG increased the length of neurites but not the
number and branching relative to overexpression of RA-
RhoGAP in the absence of DHPG (supplemental Fig. 8, A and
B), supporting that RA-RhoGAP preferentially regulates the
neurite extension downstream of mGluRs. Overexpression of
RA-RhoGAP-PH MT in the presence of DHPG did not in-
crease the length of neurites as well as the number and
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FIGURE 5. Involvement of RA-RhoGAP in the mGluR-mediated neurite extension. A, effect of RA-RhoGAP knockdown on the mGluR-mediated neurite
outgrowth in NG108 cells. NG108 cells were co-transfected with GFP as a morphological marker along with the scramble RNA (Scramble) or RA-RhoGAP
siRNA, cultured in DMEM supplemented with 1% FBS in the presence of 10 um DHPG for the indicated periods of time, and allowed to extend neurites. The
cells expressing the RA-RhoGAP siRNA or scramble RNA were identified by expression of GFP (green). It is noted that the RA-RhoGAP siRNA is the same one
as used in the previous study (15). Bars, 50 um. B, quantitative analysis of the neurites outgrowth of the transfected NG108 cells. Scr, scramble RNA; KD, RA-
RhoGAP siRNA. Panel a, quantitative analysis of the number of neurites per transfected cell as in Fig. 3C, panel a. Panel b, quantitative analysis of the length
of neurites per transfected cell as in Fig. 3C, panel b. Panel ¢, quantitative analysis of the number of branch tips per transfected cell as in Fig. 3C, panel c.

branching, relative to overexpression of RA-RhoGAP-PH MT
in the absence of DHPG (supplemental Fig. 8, A and B). These
results indicate that PA binding to the PH domain is required
for RA-RhoGAP-mediated neurite extension downstream of
mGluRs. Overexpression of RA-RhoGAP-R399A in the pres-
ence of DHPG did not increase the length, number, and
branching of neurites relative to overexpression of RA-
RhoGAP-R399A in the absence of DHPG (supplemental Fig.
8, A and B), supporting that the GAP activity is essential for
inducing neurite outgrowth. Activation of mGluRs had the
same effect on the RA-RhoGAP-mediated neurite outgrowth
as overexpression of DGKf. Collectively, these results indi-
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cate that activation of mGluRs enhances the GAP activity of
RA-RhoGAP through PA production by DGKp, leading to
exclusive neurite extension.

No Involvement of PA Binding to the PH Domain in the
Rapl-mediated Neurite Outgrowth—Upon GTP loading,
Rapl binds to the RA domain of RA-RhoGAP and activates
the GAP activity, leading to neurite outgrowth (15). We have
previously shown that 8-pCPT-2'-O-Me-cAMP (8CPT-
cAMP), an activator of Epac, a Rap1GEF, induces neurite out-
growth of NG108 cells through activation of Rap1 followed by
activation of RA-RhoGAP (15). Therefore, we overexpressed
various constructs of RA-RhoGAP (Fig. 6A) in the absence or
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FIGURE 6. No involvement of PA binding to the PH domain in the 8CPT-cAMP-induced neurite outgrowth. A, schematic structure of RA-RhoGAP and
its point mutants. B, effects of RA-RhoGAP and its mutants on the 8CPT-cAMP-induced neurite outgrowth in NG108 cells. NG108 cells were transfected with
GFP (Control) or co-transfected with GFP as a morphological marker along with HA-RA-RhoGAP (WT), HA-RA-RhoGAP-PH MT (PH MT), HA-RA-RhoGAP-RA MT
(RA MT), or HA-RA-RhoGAP-PH MT-RA MT (PH MT-RA MT), cultured in DMEM supplemented with 1% FBS in the presence or absence of 0.6 mm 8CPT-cAMP
for 48 h, and allowed to extend neurites. The transfected cells were identified by the expression of GFP (green), and the expression of HA-RA-RhoGAP was
examined by immunostaining with the anti-HA mAb (red). Bars, 50 um. C, quantitative analysis of the neurite outgrowth of the transfected NG108 cells.
Panel a, quantitative analysis of the number of neurites per transfected cell as in Fig. 3C, panel a. Panel b, quantitative analysis of the length of neurite per
transfected cell as in Fig. 3C, panel b. Panel ¢, quantitative analysis of the number of branch tips per transfected cell as in Fig. 3C, panel c. Asterisks indicate
statistical significance (Student’s t test; *, p < 0.01).

presence of 8CPT-cAMP in NG108 cells, and we examined of 8CPT-cAMP further increased the length, number, and
whether PA binding to the PH domain was involved in the branching of neurites relative to overexpression of RA-
Rap1l-RA-RhoGAP-mediated neurite outgrowth. Consistent RhoGAP in the absence of 8CPT-cAMP (Fig. 6, B and C),
with the previous report (15), NG108 cells in the presence of indicating that activation of Rap1l enhances RA-RhoGAP-
8CPT-cAMP increased the length, number, and branching of = mediated neurite outgrowth. Similarly, overexpression of RA-
neurites relative to those in the absence of 8CPT-cAMP (Fig. RhoGAP-PH MT in the presence of 8CPT-cAMP further

6, B and C). Overexpression of RA-RhoGAP in the presence increased the length, number, and branching of neurites rela-
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FIGURE 7. No involvement of PA binding to the PH domain in the Rap1B-Q63E-mediated neurite outgrowth. A, effects of RA-RhoGAP and its mutants
on the Rap1B-Q63E-mediated neurite outgrowth in NG108 cells. NG108 cells were transfected with GFP (Control) or co-transfected with GFP as a morpho-
logical marker along with HA-RA-RhoGAP (WT), HA-RA-RhoGAP-PH MT (PH MT), HA-RA-RhoGAP-RA MT (RA MT), HA-RA-RhoGAP-PH MT-RA MT (PH MT-RA
MT), myc-Rap1B-Q63E, both myc-Rap1B-Q63E and HA-RA-RhoGAP, both myc-Rap1B-Q63E and HA-RA-RhoGAP-PH MT, both myc-Rap1B-Q63E and HA-RA-
RhoGAP-RA MT, or both myc-Rap1B-Q63E and HA-RA-RhoGAP-PH MT-RA MT, cultured in DMEM supplemented with 10% FBS for 48 h, and allowed to ex-
tend neurites. The transfected cells were identified by the expression of GFP (green), and the expressions of HA-RA-RhoGAP and myc-Rap1B-Q63E were ex-
amined by doubly staining with the anti-HA mAb (red) and the anti-Myc pAb (blue). Bars, 50 um. B, quantitative analysis of the neurites outgrowth of the
transfected NG108 cells. Panel a, quantitative analysis of the number of neurites per transfected cell as in Fig. 3C, panel a. Panel b, quantitative analysis of the
length of neurites per transfected cell as in Fig. 3C, panel b. Panel ¢, quantitative analysis of the number of branch tips per transfected cell as in Fig. 3C, panel

c. Asterisks indicate statistical significance (Student’s t test; *, p < 0.01).

tive to overexpression of RA-RhoGAP-PH MT in the absence
of 8CPT-cAMP (Fig. 6, B and C). These results indicate the
PA binding defect has no effect on the Rap1-RA-RhoGAP-
mediated neurite outgrowth. Previous site-directed mutagen-
esis studies of RA domains identified two conserved basic res-
idues essential for the binding to Rap1 (41, 42). Therefore, we
generated RA-RhoGAP-RA MT by mutating the two residues
of the RA domain of RA-RhoGAP to glutamic acids (Fig. 6A4).
These mutations abolished the binding ability of RA-RhoGAP
to Rapl (data not shown). Consistent with the previous report
that the Rapl binding is essential for the Rap1-RA-RhoGAP-
mediated neurite outgrowth (15), overexpression of RA-
RhoGAP-RA MT in the presence of 8CPT-cAMP did not in-
crease the length, number, and branching of neurites relative
to overexpression of RA-RhoGAP-RA MT in the absence of
8CPT-cAMP (Fig. 6, B and C). Furthermore, we generated
RA-RhoGAP-PH MT-RA MT, where the PH and RA domains
were double mutated. Overexpression of RA-RhoGAP-PH
MT-RA MT in the presence of 8CPT-cAMP did not increase
the length, number, and branching of neurites relative to
overexpression of RA-RhoGAP-PH MT-RA MT in the ab-

6840 JOURNAL OF BIOLOGICAL CHEMISTRY

sence of 8CPT-cAMP (Fig. 6, B and C). Therefore, these re-
sults suggest that PA binding to the PH domain is not in-
volved in the Rap1-RA-RhoGAP-mediated neurite outgrowth.
To confirm these results, we overexpressed Rap1B-Q63E, a
constitutively active mutant of Rap1B and/or various con-
structs of RA-RhoGAP in NG108 cells. Consistent with the
previous report (15), overexpression of Rap1B-Q63E in-
creased the number, length, and branching of neurites relative
to untransfected control cells (Fig. 7, A and B). Co-overex-
pression of Rap1B-Q63E and RA-RhoGAP further increased
the number, length, and branching of neurites relative to
overexpression of RA-RhoGAP (Fig. 7, A and B), indicating
that constitutively active Rapl enhances RA-RhoGAP-medi-
ated neurite outgrowth. Similarly, co-overexpression of
Rap1B-Q63E and RA-RhoGAP-PH MT further increased the
number, length, and branching of neurites relative to overex-
pression of RA-RhoGAP-PH MT (Fig. 7, A and B). These re-
sults indicate that the PA-binding defect has no effect on the
Rapl-RA-RhoGAP-mediated neurite outgrowth. By contrast,
co-overexpression of Rap1B-Q63E and RA-RhoGAP-RA MT
did not increase the number, length, and branching of neu-
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rites relative to overexpression of RA-RhoGAP-RA MT (Fig.
7, A and B). Co-overexpression of Rap1B-Q63E and RA-
RhoGAP-PH MT-RA MT also did not increase the number,

length, and branching of neurites relative to overexpression of

RA-RhoGAP-PH MT-RA MT (Fig. 7, A and B). Furthermore,
we obtained identical results by using Rap1B-G12V, an alter-
native constitutively active mutant (supplemental Fig. 9).
Overall, these results indicate that PA binding to the PH do-
main is not involved in the Rap1-RA-RhoGAP-mediated neu-
rite outgrowth.

Involvement of PA Binding to the PH Domain in the Local-
ization of RA-RhoGAP at Plasma Membrane—It has been
reported that PH domain-containing proteins localize at the
membrane by binding of the PH domains to phospholipids
(35, 43). Therefore, we examined whether binding of the PH
domain of RA-RhoGAP to PA was responsible for membrane
localization. Although we first transfected full-length RA-
RhoGAP into COS7 cells, exogenous RA-RhoGAP caused
extensive morphological changes due to the excess GAP ac-
tivity, complicating assessment of membrane localization
(data not shown). To avoid the GAP activity-dependent mor-
phological changes, we generated an N-terminal fragment of
RA-RhoGAP encompassing both the PH and RA domains
(PH-RA domain) but not the GAP domain, and we trans-
fected it into COS7 cells. The exogenous overexpression of
PH-RA domain did not cause any morphological changes and
was dominantly localized at the peripheral plasma membrane
as visualized by F-actin staining (Fig. 8). Next, we overex-
pressed the PH MT-RA domain (the PA binding-defective
mutant). Notably, the localization of PH MT-RA domain at
the peripheral plasma membrane significantly decreased as
compared with that of the PH-RA domain. It has been re-
ported that some of RA domain-containing proteins localize
at the membrane by binding of the RA domains to Rap1 (44,
45). Therefore, we also overexpressed the PH-RA MT domain
(the Rap1 binding-defective mutant) or the PH MT-RA MT
domain (the mutant defective in both PA binding and Rap1
binding). PH-RA MT domain was dominantly localized at the
peripheral plasma membrane similarly to the PH-RA domain,
suggesting that binding of the RA domain of RA-RhoGAP to
Rapl is dispensable for the membrane localization. However, the
localization of the PH MT-RA MT domain at the peripheral
plasma membrane significantly decreased as compared with that
of PH-RA domain or PH-RA MT domain. These results indicate
that binding of the PH domain to PA is responsible for the local-
ization of RA-RhoGAP at the plasma membrane.

DISCUSSION

During neurite outgrowth, Rho GTPase is spatiotemporally
regulated to organize the neurite sprouting, extension, and
branching (1,7, 8, 11, 12, 17). RA-RhoGAP is a key regulator of
the Rho-mediated neurite outgrowth (15). GTP-bound Rap1
binds to RA-RhoGAP through the RA domain, leading to activa-
tion of the GAP activity (15). In this study, we have shown that
PA binds to RA-RhoGAP through the PH domain, leading to
activation of the GAP activity. Therefore, PA and Rapl coopera-
tively regulate RA-RhoGARP activity for neurite outgrowth. PA
and Rap1 have been shown to regulate morphological develop-
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FIGURE 8. Requirement of PA binding to the PH domain for the localiza-
tion of RA-RhoGAP at plasma membrane. A, localization of PH-RA domain
and its mutants in COS7 cells. COS7 cells were transfected with HA-PH-RA
domain (WT), HA-PH MT-RA domain (PH MT), HA-PH-RA MT domain (RA MT),
or HA-PH MT-RA MT domain (PH MT-RA MT) and cultured for 36 h. The cells
were immunostained with the anti-HA mAb (green) and phalloidin (red). The
staining of F-actin was used for detection of peripheral plasma membrane.
Bars, 50 um. B, percentage of the cells localizing PH-RA domain at periph-
eral plasma membrane. The analysis of localization was performed on
40-60 transfected cells.

ment of neurons (46 —48). The dual activation mechanisms of

RA-RhoGAP by PA and Rap1 will provide a possible link be-
tween PA signaling and Rap1 signaling in neuronal morphology.
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Rho is inactivated in growth cones of neurites (17). In
agreement, RA-RhoGAP exclusively localizes at the growth
cones (15). Although we demonstrated that either PA or Rap1
binding to RA-RhoGAP was sufficient for inducing neurite
outgrowth, the PA binding and the Rap1 binding showed dis-
tinct morphological effects. Activation of RA-RhoGAP by
Rap1 binding induced neurite sprouting, extension, and
branching, whereas activation of RA-RhoGAP by PA binding
exclusively induced neurite extension without sprouting and
branching. These results indicate that spatiotemporal regula-
tion of Rho activity for neurite outgrowth is defined by the
activation mode of RA-RhoGAP rather than subcellular local-
ization of RA-RhoGAP. Rapl is transiently activated at the
tips of the sprouting neurites (16). However, sustained inacti-
vation of Rho is required for the extension and branching of
neurites after sprouting (11, 12, 17). Our present results raise
an attractive possibility that sequential activation of RA-
RhoGAP by Rapl and PA will underlie the sustained inactiva-
tion of Rho, leading to morphological development of
neurites.

Neurons initiate morphological development by sprouting
several immature neurites (1-3, 8). The neurons moderately
extend the immature neurites and select one of them as a pro-
spective axon (2, 3, 8). Then, the neurons further extend the
neurites and branch them, and finally acquire axonal and den-
dritic identities (2, 3, 8). Exclusive neurite extension as ob-
served by PA-mediated activation of RA-RhoGAP is charac-
teristic of axonal and dendritic growth in the late stage of the
neuronal development (3, 8). On the other hand, neurite
sprouting and extension as observed by Rap1-mediated acti-
vation of RA-RhoGAP appear to be important for the initial
stage of the neuronal development. Indeed, Rap1 has been
shown to localize at tips of immature growing neurites and
direct axon specification (16). Therefore, developing neurons
would undergo temporary inactivation of Rho by Rap1 bind-
ing to RA-RhoGAP for immature neurite sprouting, exten-
sion, and axon specification, followed by sustained inactiva-
tion of Rho by PA binding to RA-RhoGAP for axonal and
dendritic growth. Growing axon and dendrite properly un-
dergo branching and extension of the neurites, resulting in
arborization (3, 8). Given that Rapl-mediated activation of
RA-RhoGAP induces neurite branching, growing axon and
dendrite would temporarily inactivate Rho by Rap1 binding to
RA-RhoGAP for branching, followed by sustained inactiva-
tion of Rho by PA binding to RA-RhoGAP for extending the
branched neurites. Further studies will be required to address
the possible involvement of sequential activation of RA-
RhoGAP by Rap1 and PA in spatiotemporal control of Rho
activity for morphological development of neurons.

We demonstrated here that DGKf produced PA responsi-
ble for activation of RA-RhoGAP, leading to neurite out-
growth. Spatiotemporal accumulation of specific lipids has
been shown to be involved in neurite outgrowth (49, 50). Lo-
cal accumulation of phosphatidylinositol 3,4,5-trisphosphate
produced by PI3K induced neurite outgrowth by recruiting
PH domain-containing GEFs followed by activation of Racl/
Cdc42 (51). Recently, it was reported that accumulation of PA
produced by DGKp induces neurite outgrowth (48). PA bind-
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ing to the PH domain of RA-RhoGAP was involved in mem-
brane localization (Fig. 8). Although PA binding to the PH
domain significantly promoted membrane localization of RA-
RhoGAP, the PH MT-RA MT domain still localized at the
plasma membrane in ~40% of the transfected cells (Fig. 8B).
These results raise the possibility that the N-terminal region
of RA-RhoGAP may have a weak activity to localize at the
membrane independently of PA binding. In this case, PA
binding to the PH domain would be involved in stabilizing
membrane localization of RA-RhoGAP rather than targeting
to membrane. Collectively, these results suggest that, in anal-
ogy with phosphatidylinositol 3,4,5-trisphosphate, local accu-
mulation of PA produced by DGKp particularly in growth
cones will promote membrane localization of RA-RhoGAP
through the PH domain, leading to inactivation of Rho for
inducing neurite outgrowth. Genetic ablation of DGKf causes
a pronounced defect in dendritic spine formation (48). There-
fore, the recruitment and activation of RA-RhoGAP by
DGKp-produced PA may be of particular importance in den-
dritic spine development. PA is also produced by phospho-
lipase D (19), and evidence is accumulating that phospho-
lipase D regulates neurite outgrowth (47). However, it
remains to be elucidated whether phospholipase D regulates
activity of RA-RhoGAP for neurite outgrowth. In addition to
the biochemical roles of PA as a second messenger, PA has an
intrinsic physical property to destabilize lipid packing and
promote membrane curvature due to its cone-shaped geome-
try (20, 52). In biological systems, membrane curvature re-
quired for morphological change is supposed to be caused by
coordinated action between cytoskeletal reorganization and
lipid packing (53-55). Therefore, the activation mechanism of
RA-RhoGAP by PA might underlie coordination between
Rho-regulated actin reorganization and PA-induced mem-
brane curvature for neurite outgrowth.

mGluRs are activated by glutamate released from presynap-
tic nerve terminals as a neurotransmitter and mediate synap-
tic transmission by yielding second messengers, including
DAG, in the postsynapses (21). We demonstrate here that
activation of group I mGluRs followed by provision of DAG
were responsible for triggering the DGKB-PA-RA-RhoGAP-
Rho signaling pathway, leading to neurite outgrowth. These
results strongly suggest that the DGKS-PA-RA-RhoGAP-Rho
pathway has a potential ability to convert synaptic activities to
cytoskeletal reorganization, leading to activity-dependent
morphological change of neurons. Neurons are known to fre-
quently change their morphology in response to synaptic ac-
tivities for synapse formation underlying synaptic plasticity
and neuronal circuit reorganization (56, 57). The activity-de-
pendent morphological change is particularly evident in den-
dritic spines (58 —60), and mGluRs and DGKf are reported to
be the molecules that regulate spine formation (48, 61).
Therefore, mGluR-triggered activation of the DGKB-PA-RA-
RhoGAP-Rho pathway may mediate activity-dependent spine
remodeling. Evidence is accumulating that mGluRs and
DGK} are involved in synaptic plasticity (48, 62). mGluRs and
DGKP are expressed in the hippocampus (28, 63) and regu-
late long term potentiation in the CA1 area (48, 62). In our
preliminary experiments, RA-RhoGAP was also expressed in
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the hippocampus and localized at the dendritic spines in cul-
tured hippocampal neurons (data not shown). Therefore, the
possible activity-dependent spine remodeling mediated by the
mGluR-triggered DGKB-PA-RA-RhoGAP-Rho pathway
might be involved in regulation of synaptic plasticity such as
hippocampal long term potentiation. Further studies, includ-
ing generation of RA-RhoGAP-deficient mice, will be re-
quired to address these concerns.

In summary, we have described here that, in addition to the
Rapl-RA-RhoGAP-Rho pathway, an alternative signaling
pathway, the DGKB-PA-RA-RhoGAP-Rho pathway, plays a
pivotal role in the neurite outgrowth.
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