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Background: RhoGEFs play important roles in regulation of the actin cytoskeleton.
Results: The FLJ00018/PLEKHG2 was phosphorylated, and activated by EGF signaling might be interpreted as a direct effect on
its GEF activity (which is not established).
Conclusion: The phosphorylation of FLJ00018 was involved in the regulation of cell morphology.
Significance: This study suggests that FLJ00018 receives and integrates different stimuli as a relay point in cell signaling.

FLJ00018/PLEKHG2 is a guanine nucleotide exchange factor
for the small GTPases Rac and Cdc42 and has been shown to
mediate the signaling pathways leading to actin cytoskeleton
reorganization. The function of FLJ00018 is regulated by the
interaction of heterotrimeric GTP-binding protein G�� sub-
units or cytosolic actin. However, the details underlying the
molecular mechanisms of FLJ00018 activation have yet to be
elucidated. In the present study we show that FLJ00018 is phos-
phorylated and activated by �1-adrenergic receptor stimula-
tion-induced EGF receptor (EGFR) transactivation in addition
to G�� signaling. FLJ00018 is also phosphorylated and activated
by direct EGFR stimulation. The phosphorylation of FLJ00018 by
EGFR stimulation is mediated by the Ras/mitogen-activated pro-
tein kinase (MAPK) pathway. Through deletion and site-directed
mutagenesis studies, we have identified Thr-680 as the major site of
phosphorylation by EGFR stimulation. FLJ00018 T680A, in which
the phosphorylation site is replaced by alanine, showed a limited
response of the Neuro-2a cell morphology to EGF stimulation. Our
results provide evidence that stimulation of the Ras/MAPK path-
way by EGFR results in FLJ00018 phosphorylation at Thr-680,
which in turn controls changes in cell shape.

Heterotrimeric G-protein-coupled receptor (GPCR)2 can
initiate a variety of intracellular signaling pathways. Binding of

a ligand to its cognate GPCR causes a conformational change in
the receptor, leading to the intracellular release of activated G�
and G�� subunits, which in turn signal the downstream effec-
tors (1). GPCR signaling is involved in many cellular responses,
such as proliferation, differentiation, and cytoskeletal regula-
tion. Cytoskeletal regulation in particular is governed largely by
the precise temporal and spatial modulation of the small G-pro-
teins of the Rho family (Rho GTPase), RhoA, Rac, and Cdc42
(2). The Rho GTPases function as molecular switches. They are
converted from the GDP-bound inactive form to a GTP-bound
active state by a reaction catalyzed by Rho GTPase-specific gua-
nine nucleotide exchange factors (RhoGEFs). RhoGEFs are
large multidomain proteins that are tightly regulated to control
their function. RhoGEFs can be subdivided into two main sub-
families. First, there are those that possess a Dbl homology
(DH) domain that is found in tandem with a pleckstrin homo-
logy (PH) domain. This subfamily is currently represented
by 70 members in mammalian genomes (3). Second, there are
Dock180-related proteins containing the Dock homology
region-2 domain (also known as the Docker-ZH2 domain),
which form a subfamily of 11 mammalian members (4). The
DH domain is responsible for catalytic activity, and the PH
domain directs subcellular localization and can modulate the
DH domain function.

A number of the DH domain-containing RhoGEFs, including
PSD-95/Dlg/ZO-1 (PDZ)-RhoGEF, leukemia-associated RhoGEF
(LARG), and p115-RhoGEF, have a regulator of G-protein sig-
naling (RGS) domain in addition to a DH domain and PH
domain. PDZ-RhoGEF and LARG also have a PDZ domain.
These RhoGEFs are regulated by activated G�12/13 subunits
through their interaction with the RGS domain to activate
GDP/GTP exchange activity for RhoA (5, 6). On the other hand,
P-Rex1 and P-Rex2 are regulated by G�� subunits and poly-
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phosphoinositide through direct interaction to activate the
GDP/GTP exchange activity for Rac. We previously reported
that one novel RhoGEF, FLJ00018/PLEKHG2, was activated by
direct interaction with G�� subunits and regulated cell spread-
ing through the activation of Rac1 and Cdc42 (7). We also
reported that FLJ00018 interacts with �-actin and �-actin. Both
�- and �-actin act as negative regulators of FLJ00018 (8). How-
ever, the details underlying the molecular mechanisms of
FLJ00018 activation have yet to be elucidated.

A report by Chikumi et al. (9) suggested that PDZ-RhoGEF
and LARG are also regulated by tyrosine phosphorylation by
focal adhesion kinases. Furthermore, it is known that at least 19
RhoGEFs are activated by receptor-tyrosine kinase signaling
(10). Phosphorylation of RhoGEFs is important in receptor-
tyrosine kinase signaling-mediated RhoGEF activation. It has
been reported that several RhoGEFs, including Vav, Tiam1,
Asef, and �-Pix/Cool-1, were phosphorylated by extracellular
stimulation (11–17). The phosphorylation site of Asef is Tyr-
94, and this phosphorylation induces Rac1 activation (11).
�-Pix is phosphorylated by fibroblast growth factor receptor
signaling at Ser-525 and Thr-526 residues. The phosphoryla-
tion of �-Pix induces neurite outgrowth in PC12 cells (13). Vav2
interacts with EGFR and is phosphorylated by EGF stimulation
(14). Recently, it has been shown that P-Rex1 is also regulated
by ErbB signaling in breast cancer cells (18).

In contrast to these RhoGEFs, the regulation of FLJ00018 by
phosphorylation has not been studied. In this report, we inves-
tigated the possibility that phosphorylation of FLJ00018 by
�1-adrenagic receptor (�1-AR) stimulation might regulate the
function of FLJ00018 in cells. We found that phosphorylation of
FLJ00018 by EGFR-activated Ras/MAPK signaling caused the
activation of FLJ00018 and controlled the cell morphological
change in Neuro-2a cells independently of interaction with
G�� subunits.

EXPERIMENTAL PROCEDURES

Materials—pcDNA3.1-�1-AR, pcDNA3.1-G�1, pcDNA3.1-
G�2, pcDNA3.1-H-Ras G12V, pcDNA3.1-H-Ras T17N,
pcDNA3.1-RhoA T19N, pcDNA3.1-Rac1 T17N, and pCDNA3.1-
Cdc42 T17N were purchased from Missouri S&T cDNA
Resource Center. These plasmids were subcloned into a pF4A-
CMV or pF5A-CMV-neo Flexi vector (Promega) using poly-
merase chain reaction (PCR) amplification and a Flexi system
(Promega). A complementary DNA (cDNA) clone for FLJ00018
genes was isolated during the Kazusa human cDNA project,
which aimed to accumulate information on the coding sequence
of long cDNAs for unidentified human genes (19). To construct
the Myc- and Halo-tagged forms, native-form protein expres-
sion clones, the open reading frame of FLJ00018 was subcloned
into a pFN21A-Myc vector or the pFN21A-Halo vector using
PCR amplification and the Flexi system. The cDNA-encoding
deletion mutants of FLJ00018 indicated in the corresponding
figures were generated by restriction enzyme digestion or
PCR amplification using pFN21A-Myc-FLJ00018. Monomeric
Azami Green (mAG) is a fluorescent protein (20); an expression
vector coded with this protein, phmAG1-MCLinker, was
purchased from MBL. The pFN21K-mAG vector was made by
PCR amplification using phmAG1-MCLinker and restriction

enzyme digestion and ligation. pFN21K-mAG-FLJ00018 was
made by restriction enzyme digestion of pFN21A-Myc-
FLJ00018. pF1K-EGFR and pF1K-Vav3 were subcloned into
pFC21A-Halo and a pFN21K-Halo vector using the Flexi sys-
tem. The pSRE.L-luciferase reporter plasmid was purchased
from Stratagene, and pRL-SV40 was purchased from Nippon
Gene. Isoproterenol, KN-93, and SB202190 were purchased
from Calbiochem, EGF was from Peprotech, and AG1478,
U-0126, and Phos-tag AAL107 were from Wako. SP600125 was
purchased from Sigma. Phosphatase inhibitor mixture tablet
(PhosSTOP) and protease inhibitor mixture tablet (Complete
mini) were purchased from Roche Applied Science. �-Phospha-
tase and alkaline phosphatase were purchased from New Eng-
land Biolabs.

Cell Culture and Transfection—NIH3T3, HEK293, and Neuro-2a
cells were grown in DMEM supplemented with 10% calf serum
(NIH3T3) or 10% FBS (HEK293 and Neuro-2a) at 37 °C. Tran-
sient transfection was performed using Lipofectamine Plus rea-
gent according to the manufacturer’s instructions (Invitrogen).
The amount of plasmid DNA was 400 ng for the serum response
element (SRE)-dependent gene transcription assay and 1000 ng
for immunoblot analysis. Cells were transfected with DNA for 3 h
then treated with 1� insulin-transferrin-selenium-X (Invitrogen)
for 6–8 h. The cells were washed twice with serum-free DMEM
and incubated for 16–18 h in DMEM.

Assay of SRE-dependent Gene Transcription—Cells seeded in
24-well plates were co-transfected with the indicated expres-
sion plasmids together with the pSRE.L-luciferase reporter
plasmid and the pRL-SV40 control reporter plasmids. After
transfection, the cells were treated with inhibitors before stim-
ulation at the indicated times and concentrations. Cells were
washed once with ice-cold PBS and lysed with passive lysis
buffer. Luciferase activities were determined with a dual-lucif-
erase reporter assay system (Promega). The activity of the
experimental reporter was normalized against the activity of
the control vector.

Dephosphorylation of FLJ00018 by Phosphatase—Transfected
cells were stimulated at the indicated times and concentrations.
Then cells were washed once with ice-cold PBS and lysed with
lysis buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 0.5% Non-
idet P-40, and protease inhibitor solution). Equal amounts of
cell lysate were incubated with alkaline phosphatase solution
(10 units/dish) or �-phosphatase solution (400 units/dish) for
2 h at 30 °C. The reaction was terminated by adding 2�SDS
sample buffer. Then, the phosphorylation status of the reaction
mixture was tested by immunoblot analysis as described below.

Immunoblot Analysis—Transfected cells were treated with
inhibitors before stimulation at the indicated times and con-
centrations. Cells were washed once with ice-cold PBS and
lysed with 0.5% (w/v) SDS in distilled water. The protein
amount of each lysate was quantified using a bicinchoninic acid
protein assay kit (Thermo Scientific) with BSA as the standard.
The same amounts of protein were subjected to 7.5 or 10%
SDS-PAGE and immunoblotted with various antibodies, employ-
ing a chemiluminescence reagent (PerkinElmer Life Sciences).
Densitometry was performed using an LAS-4000 image ana-
lyzer and LAS-4000-mini image analyzer (GE Healthcare).
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Mn2� Phos-tag SDS-PAGE—To visualize the levels of FLJ00018
phosphorylation, a newly developed immunoblotting tech-
nique was performed (21–23). In Phos-tag gel, phosphopro-
tein-binding molecules called AAL-107 Phos-tag ligands retain
phosphorylated proteins, thereby separating them from their
unphosphorylated counterparts during electrophoresis. This
results in two or more distinct protein bands representing the
phosphorylated and unphosphorylated protein. Cell lysates were
resolved by 6% SDS-polyacrylamide gel containing 15 �M Phos-tag
and 30 �M MnCl2 or 3% SDS-polyacrylamide gel containing 13 �M

Phos-tag, 26 �M MnCl2, and 1.5% agarose. After electrophoresis,
the gels were washed in transfer buffer containing 1 mM EDTA for
10 min and then transferred to PVDF membranes.

Immunofluorescence Analysis—After stimulation with EGF
(20 ng/ml, 24 h), transfected cells cultured on coverslips were
washed once with ice-cold PBS and fixed with 4% paraformal-
dehyde for 30 min. The cover slips were then mounted with
Perma Fluor. Fluorescence images were acquired using a fluo-
rescence microscope (BZ-9000; KEYENCE). Ten fluorescence
images were taken from random fields, and the total neurite
length of 50 cells was measured in each sample. The total neu-
rite lengths were then analyzed using Image J software.

Statistical Analysis—Data are expressed as the means � S.D.
of values from at least three independent experiments. The sig-
nificance of group differences was analyzed by Student’s t test.
A p value of �0.05 was considered significant.

RESULTS

FLJ00018 Is Activated by �1-Adrenergic Receptor Stimulation
through a G��-dependent and -independent Pathway—We
previously reported that FLJ00018 was activated by G�� and
m2 muscarinic acetylcholine receptor stimulation (7). To
examine whether FLJ00018 is activated by stimulation of other
GPCRs, we used a �-adrenergic receptor, �1-AR, that is known
to couple with multiple signaling pathways via Gs protein.
NIH3T3 cells were transiently transfected with �1-AR and
FLJ00018, and then luciferase assays were performed to mea-
sure FLJ00018-induced SRE-dependent gene transcription.
Several reports have suggested that �1-AR signaling partici-
pates in multiple pathways including the 1) Gs/adenylate
cyclase (AC)/cAMP/CNrasGEF/Ras/MAPK pathway, 2) Gs/
AC/cAMP/PKA/Gi/G��/Ras/MAPK pathway, and 3) GRK5
or GRK6/�-arrestin/src/EGFR pathway (24 –26). As shown in
Fig. 1A, stimulation with isoproterenol (20 �M) enhanced
FLJ00018-induced SRE-dependent gene transcription in
NIH3T3 cells expressing FLJ00018 and �1-AR. However, the
protein expression levels or protein modification state of
FLJ00018 was not changed by the �1-AR stimulation in
FLJ00018 and �1-AR co-expressed cells (Fig. 1B). To investigate
the involvement of G�� subunits in the enhancement of SRE-
dependent gene transcription, we used the C-terminal region of
�-adrenergic receptor kinase (�-ARKct), which is thought to
interact with G�� subunits and attenuate G��-dependent sig-
naling. Co-expression of �-ARKct attenuated the enhancement
of FLJ00018-induced SRE-dependent gene transcription. How-
ever, co-expression of �-ARKct did not completely inhibit the
transcription (Fig. 1A). This result suggests that �1-AR signal-
ing may be involved in both G��-dependent and -independent

FLJ00018 activation pathways, but only the former is attenu-
ated by �-ARKct.

FLJ00018 Is Activated by �1-AR-mediated Transactivation of
EGF Receptor—It was previously shown that EGFR is activated
through GPCR signaling, including those from �1-AR signaling
(27, 28). Some papers have shown that �1-AR and �2-AR also
induce the transactivation of EGFR (26, 29 –31). This transac-
tivation induces the activation of EGFR tyrosine kinase. To
investigate the involvement of the EGFR transactivation in
�1-AR-stimulated FLJ00018-induced SRE-dependent gene
transcription, we tested the autophosphorylation of EGFR by
�1-AR stimulation in cells co-expressing EGFR, �1-AR, and
FLJ00018. As shown in Fig. 2A, after stimulation with isoprot-
erenol (20 �M), tyrosine phosphorylation of EGFR was
increased in a time-dependent manner, and the levels of phos-
phorylation peaked at 15 min. In general, it is known that con-
stitutive (agonist-independent) activity is observed with the
overexpression of many GPCRs (32). In Fig. 2A, it was thought
that EGFR tyrosine phosphorylation in the absence of �1-AR
stimulation may have been caused by the agonist-independent

FIGURE 1. Effect of isoproterenol on FLJ00018-induced SRE-dependent
gene transcription in �1-AR-expressing NIH3T3 cells. A, NIH3T3 cells were
co-transfected with pSRE.L-luciferase, pRL-SV40 plasmid DNAs, and expres-
sion vectors for FLJ00018 (F018), �1-AR, and �-ARKct as indicated. Trans-
fected cells were stimulated with 20 �M isoproterenol for 5.5 h. Luciferase
activity was determined by a dual-luciferase reporter assay. Luciferase activity
obtained with mock cells was taken as 1.0, and relative activities are shown.
Values represent the means � S.D. from at least three experiments. B, NIH3T3
cells were co-transfected with expression vectors for �1-AR and FLJ00018 as
indicated. Transfected cells were stimulated with isoproterenol (20 �M) for 15
min. Equal amounts of protein were resolved by 7.5% SDS-PAGE. Immuno-
blotting (IB) was performed with antibodies against Myc.
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activation by overexpression of �1-AR, although the reason
is not clear. To examine the involvement of transactivation
in �1-AR-stimulated FLJ00018-induced SRE-dependent gene
transcription, we used AG1478, a specific inhibitor of EGFR
tyrosine kinase activity. Stimulation of isoproterenol (20 �M)
increased FLJ00018-induced SRE-dependent gene transcrip-
tion in cells expressing FLJ00018, �1-AR, and EGFR. However,
treatment with AG1478 (10 �M) before isoproterenol stimula-
tion decreased the enhancement of FLJ00018-induced SRE-de-
pendent gene transcription (Fig. 2B). To examine the levels of
expression of FLJ00018 in these cells, we performed immuno-
blot analysis. In isoproterenol-stimulated cells, the mobility of
the FLJ00018 band was slower than that of the FLJ00018 band
in unstimulated cells (Fig. 2C). However, the FLJ00018 band in
cells co-expressing G�� and FLJ00018 did not exhibit this

mobility shift. These results suggested the possibility that
FLJ00018 is modified in response to �1-AR stimulation-in-
duced EGFR transactivation. Recently, it was reported that the
functions of several RhoGEFs, including Vav, Tiam-1, �-Pix,
and Asef, are regulated through phosphorylation by extracellu-
lar stimulation (10 –18). To investigate whether FLJ00018 is
phosphorylated by �1-AR stimulation-induced EGFR transac-
tivation, we used alkaline phosphatase and �-phosphatase. As
shown in Fig. 2D, both of the phosphatases attenuated the
mobility shift of FLJ00018, whereas the mobility shift was visi-
ble in the cells not treated with phosphatase. A mobility shift of
FLJ00018 by �1-AR stimulation-induced EGFR transactivation
was also observed in HEK293 cells (Fig. 2E). In the same set of
experiments, we also performed a Phos-tag gel analysis using
the HEK293 cells. The Phos-tag gels contain AAL-107 Phos-tag

FIGURE 2. FLJ00018 is activated by �1-AR-mediated transactivation of EGF receptors. A, NIH3T3 cells were co-transfected with expression vectors for
EGFR, �1-AR, and FLJ00018 (F018) as indicated. Transfected cells were stimulated with isoproterenol (20 �M) for 0 –30 min. Equal amounts of protein were
resolved by 7.5% SDS-PAGE. Immunoblotting (IB) was performed with antibodies against phosphotyrosine (P-Tyr) or EGFR. B, NIH3T3 cells were co-transfected
with pSRE.L-luciferase, pRL-SV40 plasmid DNAs, and expression vectors for FLJ00018, �1-AR, and EGFR as indicated. Transfected cells were stimulated with 20
�M isoproterenol for 5.5 h before treatment with 10 �M AG1478 for 1 h. Luciferase activity was determined by a dual-luciferase reporter assay. Luciferase activity
obtained with mock cells was taken as 1.0, and relative activities are shown. Values are the means � S.D. from at least three experiments. #, p � 0.05. C, NIH3T3
cells were co-transfected with expression vectors for EGFR, �1-AR, Myc-tagged FLJ00018, and G�1�2 as indicated. Transfected cells were stimulated with
isoproterenol (20 �M) for 15 min. Equal amounts of protein were resolved by 7.5% SDS-PAGE. To detect Myc-tagged FLJ00018, immunoblotting was performed
with antibodies against Myc (Myc). D, NIH3T3 cells were co-transfected with expression vectors for EGFR, �1-AR, and Myc-tagged FLJ00018 as indicated.
Transfected cells were stimulated with isoproterenol (20 �M) for 15 min. After lysis, the cell lysates were incubated with alkaline phosphatase (AP; 10 units) and
�-phosphatase (�; 400 units) for 2 h at 30 °C. The reaction was terminated by the addition of SDS sample buffer. Equal amounts of the reaction mixture were
resolved by 7.5% SDS-polyacrylamide gel electrophoresis. To detect Myc-tagged FLJ00018, immunoblotting was performed with antibodies against Myc (Myc).
E and G, HEK293 cells (E) or NIH3T3 cells (G) were co-transfected with expression vectors for EGFR, �1-AR, and Myc-tagged FLJ00018. Transfected cells were
treated with 10 �M AG1478 for 30 min (G) before stimulation with 20 �M isoproterenol for 15 min. Equal amounts of protein were resolved by 7.5% SDS-PAGE
(E and G) or 3% SDS-polyacrylamide gel containing 13 �M Phos-tag, 26 �M MnCl2 and 1.5% agarose (F). Immunoblotting was performed with anti-Myc.

Phosphorylation of FLJ00018 by EGF Receptor Signaling

10048 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 14 • APRIL 4, 2014



ligands, which are phosphoprotein-binding molecules (21–23).
AAL-107 Phos-tag ligands retain phosphorylated proteins,
which thereby separate from their unphosphorylated counter-
parts during electrophoresis. In theory this will result in two or
more distinct protein bands representing the phosphorylated
and unphosphorylated status of the protein. Using this method,
the mobility shift of FLJ00018 was found to be enhanced by
isoproterenol stimulation in cells expressing �1-AR, EGFR, and
FLJ00018 compared with cells expressing FLJ00018 alone
(Fig. 2F). Even though a band shift was not observed in SDS-
PAGE (Fig. 1, B and E), when we used Phos-tag gel, �1-AR
stimulation caused a slight shift in the FLJ00018 band (Fig. 2F).

In addition, the observed FLJ00018 mobility shift was attenu-
ated in AG1478-treated NIH3T3 cells (Fig. 2G). These results
suggest the possibility that FLJ00018 is phosphorylated and
activated by �1-AR stimulation-induced EGFR transactivation
and �1-AR stimulation.

FLJ00018 Is Activated and Phosphorylated by Direct EGF
Stimulation—As shown in Fig. 2, FLJ00018 was phosphorylated
by EGFR transactivation via GPCR stimulation. To investigate
whether FLJ00018 is phosphorylated and activated by direct
EGFR stimulation, we measured EGF-induced SRE-dependent
gene transcription in cells co-expressing EGFR and FLJ00018.
After stimulation with EGF (20 ng/ml) for 6 h, FLJ00018-in-

FIGURE 3. FLJ00018 is activated by EGF receptor signaling. A and B, NIH3T3 cells were co-transfected with pSRE.L-luciferase, pRL-SV40 plasmid DNAs, and
expression vectors for FLJ00018 (F018), EGFR, RhoA T19N, Rac T17N, and Cdc42 T17N as indicated. Transfected cells were stimulated with 20 ng/ml EGF for 6 h.
Luciferase activity was determined by a dual-luciferase reporter assay. Luciferase activity obtained with mock cells was taken as 1.0, and relative activities are
shown. Values are the means � S.D. from at least three experiments. C–G, NIH3T3 cells (C, D, and G) or HEK293 cells (E and F) were co-transfected with expression
vectors for Myc-tagged FLJ00018, EGFR, and/or G�1�2 as indicated. Transfected cells were stimulated with 20 ng/ml EGF for 15 min (C and E) or 0 –30 min as
indicated (G). After lysis, the cell lysates were incubated with alkaline phosphatase (AP; 10 units) and �-phosphatase (�; 400 units) for 2 h at 30 °C, and the
reaction was terminated by the addition of SDS sample buffer (D). IB, immunoblot. Equal amounts of protein were resolved by 7.5% SDS-polyacrylamide gel
electrophoresis (C–E and G) or by 3% SDS-polyacrylamide gel containing 13 �M Phos-tag, 26 �M MnCl2, and 1.5% agarose (F). To detect Myc-tagged FLJ00018,
immunoblotting was performed with antibodies against Myc. H, NIH3T3 cells were co-transfected with expression vectors for Halo-tagged FLJ00018 or
Halo-tagged Vav3 and EGFR as indicated. Transfected cells were stimulated with 20 ng/ml EGF for 15 min. Equal amounts of protein were resolved by 7.5%
SDS-PAGE. To detect Halo-tagged FLJ00018 or Vav3, immunoblotting was performed with antibodies against Halo. Tyrosine phosphorylation of proteins was
detected by antibodies against phosphotyrosine (P-Tyr). Dotted triangle, FLJ00018; open triangles, Vav3; closed triangles, EGFR tyrosine phosphorylation.
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duced SRE-dependent gene transcription was greatly enhanced
(Fig. 3A). Previously, we showed that FLJ00018 acts as a
RhoGEF for Rac1 and Cdc42 (7). To investigate which types of
Rho are involved in EGF-stimulated FLJ00018-induced SRE-
dependent gene transcription, we used constitutively inactive
forms of RhoA, Rac1, and Cdc42. When the cells were stimu-
lated with EGF (20 ng/ml, 6 h), FLJ00018-induced SRE-depen-
dent gene transcription was blocked by the inactive forms of
Rac1 and Cdc42 (Fig. 3B). From these results it has been sug-
gested that EGF-stimulated FLJ00018 activated Rac1 and
Cdc42. When the cells were stimulated with EGF (20 ng/ml) for
15 min, the mobility of the FLJ00018 band was slower than that
of the FLJ00018 band from unstimulated cells in the immuno-
blot analysis (Fig. 3C). However, the FLJ00018 band in cells
co-expressing G�� and FLJ00018 did not exhibit this mobility
shift. In addition, the mobility shift of FLJ00018 was inhibited
by alkaline phosphatase (10 units for 2 h) and �-phosphatase
(400 units for 2 h) treatment (Fig. 3D). Furthermore, the mobil-
ity shift of FLJ00018 also took place in HEK293 cells (Fig. 3E),
and this mobility shift was enhanced in Phos-tag gel (Fig. 3F).
These data suggest that FLJ00018 is phosphorylated by EGFR
signaling. In addition, we performed immunoblot analysis and
confirmed a mobility-shifted band of FLJ00018 at various time
points. As we have shown in Fig. 3G, the shifted band of
FLJ00018 was increased in a time-dependent manner and
peaked at 5 min. Compared with EGFR transactivation (Fig.
2A), EGFR stimulation by EGF is a rapid response and may
cause differences in cell function. Because EGFR is a receptor
tyrosine kinase, we examined whether FLJ00018 is tyrosine-
phosphorylated by EGFR stimulation. As shown in Fig. 3H, a
FLJ00018 tyrosine phosphorylation band was not detected in
cells expressing EGFR and FLJ00018 under our experimental
conditions (Fig. 3H, dotted triangle), whereas Vav3 tyrosine
phosphorylation in response to EGF stimulation was observed
in cells expressing EGFR and Vav3 (Fig. 3H, open triangles).
These results suggest that EGFR stimulation mainly induced
the serine/threonine phosphorylation of FLJ00018.

FLJ00018 Is Phosphorylated through H-Ras-dependent Sig-
naling Pathways—Next, we investigated which signaling path-
way of EGFR is involved in FLJ00018 phosphorylation. For this
purpose, cells were co-transfected with FLJ00018 and a consti-
tutively active form of H-Ras (H-RasCA) or a dominant-nega-
tive form of H-Ras (H-RasDN). Figs. 4, A and B, show the band
corresponding to FLJ00018 from immunoblot analysis.
H-RasCA induced a mobility shift of the FLJ00018 band.
H-RasDN inhibited the mobility shift of the FLJ00018 band in
response to EGF stimulation (20 ng/ml). These results suggest
that H-Ras is involved in FLJ00018 phosphorylation through
EGF stimulation.

FLJ00018 Is Activated through the Ras/MAPK Pathway—
To determine which kinase phosphorylates FLJ00018, we
examined the effect of the Ras/MAPK pathway inhibitor on
FLJ00018 phosphorylation. In this experiment cells were pre-
treated with U-0126 (10 �M), a MEK inhibitor, for 30 min
before EGF stimulation (15 min, 20 ng/ml). No mobility shift of
FLJ00018 bands was detected in U-0126-treated cells, whereas
an FLJ00018 mobility shift was observed in cells treated
with KN-93 (10 �M), a calmodulin-dependent protein kinase

II (CaMKII) inhibitor (Fig. 5A). These results suggest that
FLJ00018 is phosphorylated by MEK or downstream effectors
of MEK. We also measured FLJ00018-induced SRE-dependent
gene transcription in cells treated with U-0126 (10 �M, 1 h) or
KN-93 (10 �M, 1 h). Both inhibitors blocked FLJ00018-induced
SRE-dependent gene transcription (Fig. 5, B and C). These
results appeared to be in conflict with the immunoblot analysis
showing that U-0126 inhibited the FLJ00018 mobility shift,
whereas KN-93 did not. As a possible explanation for these
disparate results, MEK or downstream effectors may regulate
FLJ00018-induced SRE-dependent gene transcription through
the phosphorylation of FLJ00018, whereas CaMKII may regu-
late FLJ00018-induced SRE-dependent gene transcription in an
FLJ00018 phosphorylation-independent manner. Because the
CaMKII inhibitor attenuated SRE-dependent gene transcrip-
tion, we tested the possibility that the other MAPKs are also
involved in FLJ00018 activation. However, neither the p38-
MAPK inhibitor, SB202190 (10 �M, 30 min), nor the JNK inhib-
itor, SP600125 (10 �M, 30 min), affected the EGF-induced
FLJ00018 mobility shift (Fig. 5D). These inhibitors failed to
attenuate SRE-dependent gene transcription in FLJ00018-
transfected cells (Fig. 5E). From these results, it is suggested
that FLJ00018 is phosphorylated by the MAPK signaling path-
way after EGF stimulation, although FLJ00018-induced SRE-
dependent gene transcription may be regulated by multiple sig-
naling pathways including the MAPK and CaMKII signaling
pathways.

Identification of Phosphorylation at Threonine 680 in FLJ00018
via EGFR Stimulation—To identify phosphorylation sites
of FLJ00018, we co-expressed EGFR with several FLJ00018
mutants. The structures of these mutants are indicated in Fig.

FIGURE 4. FLJ00018 is activated through H-Ras. A and B, NIH3T3 cells were
co-transfected with expression vectors for FLJ00018 (F018), EGFR, and a con-
stitutively active form of H-Ras (H-RasCA) (A) or a dominant-negative form of
H-Ras (H-RasDN) (B) as indicated. Transfected cells were stimulated with 20
ng/ml EGF for 15 min. Equal amounts of the proteins were resolved by 7.5%
SDS-PAGE. To detect Myc-tagged FLJ00018, immunoblotting was performed
with antibodies against Myc.
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6A. Fig. 6B shows that mobility shifts were observed for the
FLJ00018 WT and the FLJ00018 P1 mutant but not for the P1.5,
P2, P3, and �N mutants. These results suggest that FLJ00018 is
phosphorylated between amino acid residues 615 and 970. To
confirm that there is no phosphorylation site in the FLJ00018
P1.5, P2, P3, and �N mutants, we used Phos-tag gel and
performed immunoblot analysis. The result showed a weakly
shifted band in FLJ00018 P1.5 and �N mutants in response to
EGF stimulation (15 min, 20 ng/ml), whereas FLJ00018 P2 and
P3 had no shifted bands (Fig. 6C). These results suggest that the
main FLJ00018 phosphorylation site exists between amino acid
residues 615 and 970. However, it is likely that there is more
than one phosphorylation site in FLJ00018. One of the amino
acid residues in the region from 615 to 970 of FLJ00018, threo-
nine 680, consists of the consensus sequence of extracellular
signal-regulated kinase (ERK) phosphorylation (PXTP) (33).
We prepared and used a FLJ00018 T680A mutant that mimics
the non-phosphorylated state of FLJ00018. The mobility of
FLJ00018 WT shifted in response to EGF stimulation, whereas
only a slightly shifted band was observed in the FLJ00018
T680A mutant (Fig. 7A). To confirm that threonine 680 of
FLJ00018 is phosphorylated, we used a Phos-tag experiment. As
in the NIH3T3 cells (Fig. 7A), the mobility shift of the FLJ00018
T680A mutant was modest compared with that of the FLJ00018

WT in HEK293 cells (Fig. 7, B and C). Next, we examined
whether the phosphorylation of threonine 680 affects the activ-
ity of FLJ00018. The FLJ00018 T680A mutant did not change
EGF-stimulated SRE-dependent gene transcription (Fig. 7D).
In addition, FLJ00018 T680A-induced SRE-dependent gene
transcription was inhibited by Rac1 T17N and Cdc42 T17N
(Fig. 7E). The levels of this transcription and the patterns of its
inhibition by Rac1 T17N and Cdc42 T17N were not signifi-
cantly different from those of the FLJ00018 WT (Fig. 3B). These
results indicate that possibility that one of the phosphorylation
sites of FLJ00018 is threonine 680, although threonine 680
phosphorylation did not affect any of the guanine nucleotide
exchange activities of FLJ00018. Additional phosphorylation
sites might be involved in EGFR stimulation-induced FLJ00018
activation. In this study, however, we did not examine the direct
effects of GEF on Rho GTPase. Also, we did not detect another
phosphorylation site(s) using a phospho-specific antibody. Fur-
ther analysis is needed to detect the other exact phosphoryla-
tion site(s).

Threonine 680 Phosphorylation of FLJ00018 Regulates Neu-
rite Outgrowth via EGFR Stimulation in Neuro-2a Cells—Be-
cause some RhoGEFs have been implicated in cell morpholog-
ical changes, including cell spreading and neurite outgrowth
(13, 17, 34), we tested whether FLJ00018 was involved in neurite

FIGURE 5. FLJ00018 is activated through Ras/MAPK pathway. A and D, NIH3T3 cells were co-transfected with expression vectors for FLJ00018 (F018) and
EGFR as indicated. Transfected cells were treated with 10 �M KN-93 (A), 10 �M U-0126 (A), 10 �M SB202190 (SB) (D), or 10 �M SP600125 (SP) (D) for 30 min before
stimulation with 20 ng/ml EGF for 15 min. Equal amounts of proteins were resolved by 7.5% SDS-PAGE. To detect Myc-tagged FLJ00018, immunoblotting (IB)
was performed with antibodies against Myc. B, C, and E, NIH3T3 cells were co-transfected with pSRE.L-luciferase, pRL-SV40 plasmid DNAs, and expression
vectors for FLJ00018 and EGFR as indicated. Transfected cells were treated with KN-93 (10 �M) (B), U-0126 (10 �M) (C), SB202190 (SB) (10 �M) (E), or SP600125
(SP) (10 �M) (E) for 1 h before stimulation with 20 ng/ml EGF for 6 h. Luciferase activity was determined by dual-luciferase reporter assay. Luciferase activity
obtained with mock cells was taken as 1.0, and relative activities are shown. Values are the means � S.D. from at least three experiments.
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outgrowth. Neuro-2a cells were co-transfected with FLJ00018
or FLJ00018 mutants and EGFR. After stimulating the co-trans-
fected cells with EGF, we performed immunoblot analysis and
confirmed the mobility shift of FLJ00018 in the Neuro-2a cell
line (data not shown). To visualize the morphology of the
Neuro-2a cells, we used a fusion protein of FLJ00018 and mAG,
a fluorescent protein. When the cells were stimulated with
EGF, we observed neurite outgrowth and cell spreading in the
cells transfected with mAG-tagged FLJ00018 and in the EGFR
cells (Fig. 8A, g and h). However, no neurite outgrowth or cell
spreading was observed in the FLJ00018 T680A-expressing cells
(Fig. 8A, k and l). Quantitative analysis of the neurite length
showed that the EGF-stimulated FLJ00018 T680A-expressing
cells displayed a significant decrease in total neurite length com-
pared with that in the EGF-stimulated FLJ00018WT-expressing

cells (Fig. 8B). These results suggest that threonine phosphoryla-
tion at threonine 680 of FLJ00018 by EGFR stimulation plays a
crucial role in neural outgrowth and cell spreading.

DISCUSSION

In our previous study FLJ00018 was activated by direct inter-
action with a G�� subunit (7), and the activation was attenu-
ated through interaction with cytosolic actin (8). In this study
we also discovered another FLJ00018 activation mechanism by
threonine phosphorylation at 680 through the EGFR/Ras/
MAPK pathway.

It has been reported that various GPCR agonists, including
endothelin, thrombin, carbachol, and lysophosphatidic acid,
stimulate EGFR through GPCR activation. Because the signal-
ing pathway from GPCR to EGFR differs by cell type and the
condition of GPCR stimulation, various different mechanisms
have been proposed. The most frequently described mecha-
nisms of EGFR transactivation involve a disintegrin and metal-
loproteinase (ADAM)/heparin-binding EGF pathway. It has
been shown that that when the lysophosphatidic acid receptor
is expressed at endogenous levels, it can activate the phospho-
lipase C�1 and PI3K/AKT pathway through matrix metallopro-
tease- and heparin-binding EGF release-dependent EGFR acti-
vation. On the other hand, �2-AR can activate the ERK pathway
in a c-Src- and EGFR-dependent manner, but it is unable to
activate the phospholipase C�1 and PI3K/AKT pathways (35,
36). In addition to this mechanism, some other signaling path-
ways have been proposed to play a role in �-AR stimulation-
mediated EGFR transactivation. Daaka et al. (25) have shown
the role of the Gs/AC/cAMP/PKA/Gi/G��/Ras/MAPK path-
way in EGFR transactivation. Briefly, �2-AR can switch the sig-
nal from Gs to Gi, and the Gi signal of �2-AR can activate MAPK
via G��, c-Src, and Ras. However, other researchers have pro-
posed the existence of a pathway independent of Gs/Gi switch-
ing; this pathway requires Src activation to stimulate EGFR and
downstream MAPK activation (37). In addition to these path-
ways, a number of other pathways have been proposed, includ-
ing the GRK5 and GRK6/�-arrestin/Src/EGFR pathway (26).
These reports support the existence of an EGFR transactivation
pathway, which activates Ras/MAPK from �-AR stimulation.
However, further analysis is needed to elucidate which mecha-
nism activates FLJ00018.

Protease-activated receptors 1 activated by thrombin have
been shown to induce EGFR transactivation in vascular smooth
muscle cells. After EGFR is activated by thrombin, LARG is
activated, which in turn activates RhoA (38). This result indi-
cates that RhoGEF can be activated in an EGFR transactivation-
dependent manner. On the other hand, another researcher
hypothesized that PI3K can directly activate the MAPK path-
way via �2-AR stimulation (31). Also, it was shown that the
�2-AR/Gi pathway activates platelet-derived growth factor
receptor/PI3K signaling through Src activation (39). Moreover,
another study has described the dependence of the interaction
between �1-AR and EGFR on �-arrestin, which causes differ-
ences between the signal from direct EGF stimulation and
EGFR transactivation signal (30). Indeed, when we co-trans-
fected FLJ00018 and �1-AR with �-ARKct, �-ARKct could not
completely inhibit the �1-AR stimulation-induced SRE-depen-

FIGURE 6. Identification of the structure involved in FLJ00018 phosphor-
ylation by EGFR signaling. A, structure of FLJ00018 mutants. The WT, P1,
P1.5, P2, P3, and �N constructs code for amino acid (aa) residues 1–1386,
1–970, 1– 615, 1– 464, 1–310, and 965–1386 of FLJ00018, respectively. B and C,
NIH3T3 cells were co-transfected with expression vectors for EGFR and Myc-
tagged FLJ00018 mutants as indicated. Transfected cells were stimulated
with 20 ng/ml EGF for 15 min. Equal amounts of proteins were resolved by
7.5% or 10% SDS-PAGE (B) or 6% SDS-polyacrylamide gel containing 15 �M

Phos-tag and 30 �M MnCl2 (C). Immunoblotting (IB) was performed with anti-
bodies against Myc. Closed triangles, shifted bands; Open triangles, basal levels
of proteins.
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dent gene transcription (Fig. 1). Also, the band shift of FLJ00018
T680A was not completely abolished (Fig. 7). These facts might
suggest that the function of FLJ00018 is regulated by multiple
signaling pathways after �-AR stimulation.

There are several RhoGEFs that are mainly activated through
tyrosine phosphorylation by receptor-tyrosine kinase signaling
(10). On the other hand, �-Pix is phosphorylated by FGF stim-
ulation via Ras/MAPK (13). P-Rex1 is phosphorylated at serine
1169 by insulin-like growth factor receptor signaling via the
kinase related to AKT phosphorylation (40). These reports
indicate that RhoGEF is phosphorylated by many signaling
pathways downstream of receptor-tyrosine kinase. Consid-
ering that RhoGEF phosphorylation by receptor-tyrosine
kinase signaling occurs via not only the Ras/MAPK pathway
but also many other pathways, including the PI3K/AKT
pathway, our results that FLJ00018 T680A mutants showed

reduced but still existing band shifts compared with
FLJ00018 WT (Fig. 7) might indicate phosphorylation by
another pathway of Ras/MAPK.

Some of the RhoGEFs, including Tiam1, p115-RhoGEF, and
�-PIX, are also phosphorylated by Ca2� signaling or PKC (15,
16, 41– 43). Tiam1 is phosphorylated on threonine by PKC in
lysophosphatidic acid-treated cells (15). Tiam1 is also phos-
phorylated by platelet-derived growth factor receptor signaling
via CaMKII activation (41). It has also been reported that �-Pix
was phosphorylated on Ser-516 by CaMKI in rat hippocampal
neurons. The phosphorylation of �-Pix enhanced its RhoGEF
activity for Rac1 and then promoted spinogenesis and synapto-
genesis (43). In the present study we observed that a CaMKII
inhibitor, KN-93, inhibited FLJ00018-induced SRE-dependent
gene transcription but did not affect the electrophoretic mobil-
ity shift. These results suggest that CaMKII was not involved in

FIGURE 7. FLJ00018 is phosphorylated by EGFR at amino acid residue threonine 680. A and B, NIH3T3 cells (A) or HEK293 cells (B and C) were
co-transfected with expression vectors for EGFR and the Myc-tagged FLJ00018 or FLJ00018 T680A mutant as indicated. Transfected cells were stimu-
lated with 20 ng/ml EGF for 15 min. Equal amounts of proteins were resolved by 7.5% (A and B) or 3% SDS-polyacrylamide gel containing 13 �M Phos-tag,
26 �M MnCl2, and 1.5% agarose (C). Immunoblotting (IB) was performed with antibodies against Myc). D and E, NIH3T3 cells were co-transfected with
pSRE.L-luciferase, pRL-SV40 plasmid DNAs, expression vectors for FLJ00018 (F018), and EGFR, RhoA T19N, Rac T17N, and Cdc42 T17N as indicated.
Transfected cells were stimulated with 20 ng/ml EGF for 6 h. Luciferase activity was determined by a dual-luciferase reporter assay. Luciferase activity
obtained with mock cells was taken as 1.0, and relative activities are shown. Values are the means � S.D. from at least three experiments. WT, FLJ00018
WT; TA, FLJ00018 T680A mutant.
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the phosphorylation of FLJ00018 and that CaMKII participated
in the FLJ00018-induced SRE-dependent gene transcription
mechanism. The details of these phenomena are unknown at
this time.

It has been reported that neurite outgrowth is mediated by
some RhoGEFs, such as Tiam1 and �-Pix. Tiam1 is activated by
TrkA and TrkB signaling. When TrkB is activated by NGF,
Tiam1 interacts with Ras and itself becomes activated. This in
turn results in neurite outgrowth through Rac1 activation (17).
Although Tiam1 receives intracellular signals from TrkA/B,
�-Pix is phosphorylated through the Ras/ERK/PAK2 pathway
upon FGF stimulation. This phosphorylation also induces neu-
rite outgrowth in PC12 cell lines (13). Furthermore, Burridge
and co-workers (44) have shown that RhoG is activated inde-
pendently of Rac1 by EGF stimulation. Vav family RhoGEFs
and PLEKHG6, a RhoG-specific RhoGEF, have been shown to

be involved in RhoG activation. On the other hand, another
paper has shown that a RhoGEF, Trio, activates neurite out-
growth in a RhoG-dependent manner (45). In line with these
findings, our results suggest that FLJ00018 phosphorylated by
Ras/MAPK signaling participated in morphological changes in
Neuro-2a cells. From these results, FLJ00018 might also be
physiologically involved in neurite outgrowth in neural cells.
However, FLJ00018-induced SRE-dependent gene transcrip-
tion was not related to threonine 680 phosphorylation of
FLJ00018 in our study (Fig. 7D). A previous report suggested
that G-protein signaling modulator-3 was spatiotemporally
regulated by interaction with the 14-3-3 protein through its
serine phosphorylation site (46). It is thus thought that the
phosphorylation of FLJ00018 may be related to the spatiotem-
poral regulation of FLJ00018. These points will need to be stud-
ied in detail.

FIGURE 8. FLJ00018 activation causes neurite outgrowth via EGFR activation. A, Neuro-2a cells were transfected with expression vectors for EGFR and the
mAG-tagged FLJ00018 (F018) or FLJ00018 T680A mutant as indicated. Transfected cells were stimulated with 20 ng/ml EGF for 24 h. After stimulation, cells
were fixed by 4% paraformaldehyde. Fluorescence images were acquired using a fluorescence microscope. Scale bar, 20 �m. B, 10 fluorescence images were
taken from random fields and analyzed using Image J software. The total neurite length of 50 cells was measured in each sample. Total neurite lengths were
analyzed using Image J software. Values are the means � S.D. from at least three experiments. #, p � 0.05.
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In conclusion, our experiments revealed an additional acti-
vation mechanism of FLJ00018, distinct from the G�� binding
activation mechanism, by the phosphorylation at threonine 680
of through EGFR stimulation-dependent Ras/MAPK pathways.
This threonine phosphorylation induces cell morphological
change in Neuro-2a cells. These insights suggest new mecha-
nisms of neurite outgrowth (Fig. 9). In the future it will be
necessary to examine whether the signaling pathway operates
under more than one physiological condition. Further analysis
may allow understanding of the development of neurites into
nerve systems and may uncover promising pharmacological
targets to reduce aberrant neural development.
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