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Abstract
The structural plasticity of dendritic spines plays a critical role in NMDA-induced long-term potentiation (LTP) in the brain. 
The small GTPases RhoA and Ras are considered key regulators of spine morphology and enlargement. However, the regula-
tory interaction between RhoA and Ras underlying NMDA-induced spine enlargement is largely unknown. In this study, we 
found that Rho-kinase/ROCK, an effector of RhoA, phosphorylated SynGAP1 (a synaptic Ras-GTPase activating protein) at 
Ser842 and increased its interaction with 14-3-3ζ, thereby activating Ras-ERK signaling in a reconstitution system in HeLa 
cells. We also found that the stimulation of NMDA receptor by glycine treatment for LTP induction stimulated SynGAP1 
phosphorylation, Ras-ERK activation, spine enlargement and SynGAP1 delocalization from the spines in striatal neurons, 
and these effects were prevented by Rho-kinase inhibition. Rho-kinase-mediated phosphorylation of SynGAP1 appeared 
to increase its dissociation from PSD95, a postsynaptic scaffolding protein located at postsynaptic density, by forming a 
complex with 14-3-3ζ. These results suggest that Rho-kinase phosphorylates SynGAP1 at Ser842, thereby activating the 
Ras-ERK pathway for NMDA-induced morphological changes in dendritic spines.
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Introduction

Glutamate is the most abundant excitatory neurotrans-
mitter and acts through ionotropic receptors, including 
AMPA receptors (AMPA-R), NMDA receptors (NMDA-
R) and Kainate receptors [1–3]. When glutamate binds to 
AMPA-R at the postsynaptic membranes,  Na+ flows into 

the postsynaptic cells and subsequently induces depolariza-
tion. NMDA-R is thought to play important roles in con-
trolling long-term potentiation (LTP), which is one of the 
most investigated synaptic plasticity and is important for 
establishing memory, learning, activity-dependent develop-
ment, and other higher brain processes [4, 5]. Under the 
depolarized state induced by AMPA-R activation, glutamate 
stimulates the influx of  Ca2+ into postsynaptic cells through 
NMDA-R, which is followed by activating CaMKII and 
then promoting AMPA-R trafficking via presynaptic sites 
or intracellular pools to the postsynaptic density for LTP. 
Ras-ERK signaling is also required for AMPA-R trafficking 
and surface delivery following LTP induction [6, 7].

One of the key features of LTP is structural synaptic plas-
ticity, such as dendritic spine enlargements [8]. Upon stimu-
lation of NMDA-R, CaMKII is thought to activate RhoA 
and its effector Rho-kinase/ROCK for spine enlargement, 
presumably through promoting actin polymerization [9–11]. 
The Ras-ERK pathway is also involved in spine enlargement 
during NMDA-dependent LTP [12]. However, the regulatory 
interaction between RhoA-Rho-kinase and Ras underlying 
spine enlargement and LTP is still largely unknown.
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We previously developed a novel phosphoproteomic 
method called phosphatase inhibitor and kinase inhibitor 
substrate screening (PIKISS) that could comprehensively 
identify Rho-kinase substrates [13, 14]. Briefly, HeLa cells 
were treated with a phosphatase inhibitor (calyculin A) 
and/or Rho-kinase inhibitor (Y-27632). Calyculin A treat-
ment induced the phosphorylation of large numbers of pro-
teins, including Rho-kinase substrates, and pretreatment 
with Y-27632 specifically inhibited Rho-kinase-mediated 
phosphorylation. The cell lysates containing Rho-kinase 
substrates were pulled down by beads coated with 14-3-3ζ, 
which specifically interacted with phosphorylated proteins 
[15], to enrich phosphoproteins. The bound proteins were 
subjected to tryptic digestion and LC–MS/MS to identify 
the phosphorylated proteins and their phosphorylation sites. 
The comparison between the treatments with calyculin A 
and with calyculin A and Y-27632 identified more than one 

hundred Rho-kinase substrate candidates, including known 
substrates such as MYPT1 [16]. The data obtained from the 
phosphoproteomics were registered on the online database 
named KANPHOS (kinase-associated neural phospho-sign-
aling), which we developed and published [17–19] (https:// 
kanph os. neuro inf. jp). KANPHOS provides the phosphoryl-
ated proteins and sites identified by the above mentioned 
approach as well as those previously reported in the lit-
erature. We registered similar data that was obtained from 
striatum neurons. We hypothesized that the KANPHOS data 
contained Rho-kinase substrate candidates that regulated 
Ras activity, performed pathway analysis, and identified 
SynGAP1 as a candidate. SynGAP1 (Synaptic Ras-GTPase-
activating protein) converts the GTP-bound active form of 
Ras to the GDP-bound inactive form [20–22]. SynGAP1 is 
involved in synaptic plasticity, AMPA-R trafficking to the 
postsynaptic membrane and ERK activity [23–26].

Considering these observations, we examined whether 
Rho-kinase phosphorylated SynGAP1 and found that Rho-
kinase phosphorylated SynGAP1 and increased its interac-
tion with 14-3-3ζ, thereby stimulating the Ras-ERK pathway 
for the structural plasticity of dendritic spines in striatum 
neurons.

Results

The Interaction of SynGAP1 with 14‑3‑3ζ 
is Regulated by Rho‑Kinase

The KANPHOS database predicted that Rho-kinase phos-
phorylated SynGAP1 and increased its association with 
14-3-3. We first examined whether 14-3-3 interacts endog-
enously with SynGAP1 in  vivo and which isoforms of 
14-3-3 (β, γ, ε, η, σ, θ and ζ) interact with SynGAP1 by 
immunoprecipitation assay. When SynGAP1 was immu-
noprecipitated from mouse striatum lysate, 14-3-3γ, 14-3-
3ε and 14-3-3ζ were coprecipitated, but 14-3-3β, 14-3-3η, 
14-3-3σ and 14-3θ were not (Fig. S1). These results suggest 
that SynGAP1 interacts with 14-3-3γ, 14-3-3ε, and 14-3-3ζ 
in vivo. 14-3-3ε and 14-3-3ζ have been implicated in several 
neuropsychiatric diseases, including autism spectrum dis-
order and schizophrenia [27–30]. Furthermore, it has been 
reported that 14-3-3ζ knockout mice show reduced spine 
density [31] and overexpression of 14-3-3ζ in cultured neu-
rons promotes spine formation [32]. Therefore, we focused 
on 14-3-3ζ in subsequent experiments. Next, to examine 
whether Rho-kinase regulates the interaction of SynGAP1 
with 14-3-3ζ, cultured striatal neurons were incubated with 
DMSO or Y-27632 for 1 h and subsequently treated with 
okadaic acid, a phosphatase inhibitor, for 1 h. The cell 
lysates were analyzed by immunoblotting with an antibody 
against phosphorylated MYPT1 (T853), which is the specific 

Fig. 1  Rho-kinase regulates the interaction of SynGAP1 with 14-3-
3ζ. a Rho-kinase regulates the interaction of SynGAP1 with 14-3-3ζ 
in cultured striatal neurons. Cultured striatal neurons were treated 
with DMSO or Y-27632 (20  μM) for 1  h and then stimulated with 
okadaic acid (OA, 1 μM) for 1 h followed by pulldown with affinity 
beads coated with GST-14-3-3ζ. Samples were analyzed by immuno-
blotting with anti-SynGAP1, anti-pMYPT1 (S853) and anti-MYPT1 
antibodies. b The bar graph shows the relative intensity of pMYPT1 
normalized to total MYPT1. Data represent the mean ± SEM of three 
independent experiments and were analyzed by one-way ANOVA 
with Tukey’s post hoc test. **P < 0.01. ***P < 0.001. c The bar 
graph shows the amounts of SynGAP1 pulled down by GST-14-
3-3ζ. Data represent the mean ± SEM of four independent experi-
ments and were analyzed by one-way ANOVA with Tukey’s post 
hoc test. ***P < 0.001. ****P < 0.0001. d Striatal slices were treated 
with DMSO or Y-27632 (20  μM) for 1  h and then stimulated with 
okadaic acid (OA, 1 μM) for 1 h followed by pulldown with affinity 
beads coated with GST-14-3-3ζ. Samples were analyzed by immuno-
blotting with anti-SynGAP1, anti-pMYPT1 (S853) and anti-MYPT1 
antibodies. e The bar graph shows the relative intensity of pMYPT1 
normalized to total MYPT1. Data represent the mean ± SEM of four 
independent experiments and were analyzed by one-way ANOVA 
with Tukey’s post hoc test. *P < 0.05. **P < 0.01. f The bar graph 
shows the amounts of SynGAP1 pulled down by GST-14-3-3ζ. Data 
represent the mean ± SEM of four independent experiments and were 
analyzed by one-way ANOVA with Tukey’s post hoc test. **P < 0.05. 
****P < 0.0001. g Rho-kinase regulates the interaction of SynGAP1 
with 14-3-3ζ in HeLa cells. HeLa cells were transfected with Myc-
SynGAP1-WT, treated with DMSO or Y-27632 (20 μM) for 1 h and 
stimulated with okadaic acid (OA, 1  μM) for 1  h followed by pull-
down with affinity beads coated with GST-14-3-3ζ. Samples were 
analyzed by immunoblotting with an anti-Myc antibody. h The bar 
graph shows the amounts of SynGAP1 pulled down by GST-14-3-3ζ. 
Data represent the mean ± SEM of four independent experiments 
and were analyzed by one-way ANOVA with Tukey’s post hoc test. 
***P < 0.001. ****P < 0.0001. i HeLa cells were cotransfected with 
Myc-SynGAP1-WT and HA-Rho-kinase-CAT or -RB/PH (TT) fol-
lowed by pulldown with affinity beads coated with GST-14-3-3ζ. 
Samples were analyzed by immunoblotting with anti-Myc and anti-
HA antibodies. j The bar graph shows the amounts of SynGAP1 
pulled down by GST-14-3-3ζ. Data represent the mean ± SEM of four 
independent experiments and were analyzed by one-way ANOVA 
with Tukey’s post hoc test. ***P < 0.001

◂
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substrate of Rho-kinase (Fig. 1a, b) [16, 33]. Okadaic acid 
induced MYPT1 phosphorylation, and this phosphorylation 
was prevented by Y-27632 (Fig. 1a, b), indicating that Rho-
kinase-mediated phosphorylation is induced by okadaic acid 
in neurons and that phosphorylation is blocked by Y-27632. 
The rest of the cell lysates were subjected to a pulldown 
assay using affinity beads coated with GST-14-3-3ζ to cap-
ture phosphorylated proteins and immunoblotting with the 
anti-SynGAP1 antibody. Okadaic acid increased the interac-
tion of SynGAP1 with 14-3-3ζ, whereas Y-27632 reduced 
the okadaic acid-induced interaction (Fig. 1a, c).

We next performed similar experiments ex vivo by using 
striatal slice cultures. The striatal slices were cultured and 
treated with DMSO or Y-27632 for 1 h and then stimulated 
with okadaic acid for 1 h. Treatment with okadaic acid 
increased the binding of SynGAP1 to 14-3-3ζ, whereas 
this increase was prevented by treatment with Y-27632 
(Fig. 1d–f). We confirmed the above results using the recon-
stitution systems in HeLa cells. The plasmid harboring Myc-
SynGAP1 was transfected into HeLa cells. Twenty-four 
hours after transfection, the cells were treated with DMSO 
or Y-27632 for 1 h and then incubated with okadaic acid for 
1 h. The cell extracts were applied to affinity beads coated 
with GST-14-3-3ζ, followed by immunoblot analysis using 
the anti-Myc antibody. Treatment of the cells with oka-
daic acid increased Myc-SynGAP1 binding to 14-3-3ζ, but 
this increase was reversed by pretreatment with Y-27632 
(Fig. 1g, h). We next cotransfected plasmids harboring Myc-
SynGAP1 with the constitutively active form of Rho-kinase 
(HA-Rho-kinase-CAT) or the dominant negative form of 
Rho-kinase (HA-Rho-kinase-RB/PH (TT)) into HeLa cells 
for the pulldown assay. Coexpression of Rho-kinase-CAT 
with Myc-SynGAP1 increased the binding of Myc-Syn-
GAP1 to 14-3-3ζ, whereas coexpression of HA-Rho-kinase-
RB/PH (TT) with Myc-SynGAP1 did not increase it (Fig. 1 
i, j). Thus, Rho-kinase positively regulates the interaction of 
SynGAP1 with 14-3-3ζ.

14‑3‑3ζ, Interacts with the C‑Terminal Domain 
of SynGAP1

To narrow down the binding site of SynGAP1 to 14-3-3ζ, 
we prepared three fragments of SynGAP1 named SynGAP1-
NT (1–442 aa), NTMD (1–784 aa) and CT (785–1343 aa) 
(Fig. 2a). SynGAP1-NT contains the PH and C2 domains. 
SynGAP1-NTMD covers the PH, C2 and RasGAP domains, 
and SynGAP1-CT contains the disordered and CC domains. 
Plasmids harboring Myc-SynGAP1-NT, Myc-SynGAP1-
NTMD or Myc-SynGAP1-CT were transfected into HeLa 
cells. The cells were treated with DMSO or Y-27632 for 
1 h and then stimulated with okadaic acid for 1 h. The cell 
extracts were analyzed by immunoblotting with the anti-Myc 
antibody (Fig. 2b). Okadaic acid increased the interaction of 

Myc-SynGAP1-CT with 14-3-3ζ, whereas Y-27632 reduced 
this interaction (Fig. 2e). Okadaic acid appears to slightly 
increase the binding of Myc-SynGAP1-NT or Myc-SynGAP1-
NTMD to 14-3-3ζ, but the difference was not statistically sig-
nificant (Fig. 2c, d). Although there may be multiple 14-3-3 
binding sites within SynGAP1, the present results suggest that 
Rho-kinase enhances the interaction between SynGAP1 and 
14-3-3ζ mainly through the C-terminal domain of SynGAP1.

Rho‑Kinase Phosphorylates SynGAP1 at Ser842

To examine whether Rho-kinase directly phosphorylates 
SynGAP1, we performed an in vitro kinase assay using 
SynGAP1 fragments (GST-SynGAP1-NT, GST-SynGAP1-
NTMD, and GST-SynGAP1-CT). The plasmids encoding 
GST-SynGAP1-NT, NTMD or CT were transfected into 
COS7 cells, and the GST-fusion proteins were purified by 
glutathione affinity beads. GST-SynGAP1-NT, NTMD or 
CT was incubated with Rho-kinase-CAT in the presence 
of [γ- 32P]ATP. SynGAP1-CT was efficiently phosphoryl-
ated by Rho-kinase, whereas SynGAP1-NT and SynGAP1-
NTMD were weakly phosphorylated (Fig.  3a, b). The 
KANPHOS data predicted that Rho-kinase phosphorylated 
SynGAP1 at Ser842 in the C-terminal disorganized domain.

To examine whether Rho-kinase phosphorylates Syn-
GAP1 at Ser842, we generated a specific antibody against 
the SynGAP1 phosphorylated at Ser842 (anti-pS842 Syn-
GAP1 antibody). We next examined whether Rho-kinase 
phosphorylated SynGAP1 in intact cells. The plasmids 
harboring Myc-SynGAP1 were transfected into HeLa cells, 
and the cells were treated with DMSO or Y-27632 for 1 h 
and then stimulated with okadaic acid for 1 h. Immunoblot 
analysis with anti-p842 SynGAP1 and anti-Myc antibodies 
revealed that okadaic acid induced SynGAP1 phosphoryla-
tion at Ser842 and Y-27632 prohibited it (Fig. 3c, d). To 
further explore the role of Rho-kinase, we expressed HA-
Rho-kinase-CAT or RB/PH (TT) with Myc-SynGAP1 in 
HeLa cells. The expression of Rho-kinase-CAT increased 
SynGAP1 phosphorylation at Ser842, but RB/PH (TT) did 
not stimulate it (Fig. 3e, f). Because Ser842 is located in the 
14-3-3 binding region in SynGAP1, we compared the bind-
ing of SynGAP1 and 14-3-3ζ with that of SynGAP1-S842A, 
in which Ser842 was substituted for Ala, and found that Ala 
substitution of Ser842 reduced the binding activity to 14-3-
3ζ (Fig. 3g, h). These results indicate that Rho-kinase phos-
phorylates SynGAP1 at Ser842 and positively regulates the 
interaction of SynGAP1 with 14-3-3ζ.

Phosphorylation of SynGAP1 by Rho‑Kinase 
Regulates Ras and ERK Activity

Because SynGAP1 is a negative regulator of Ras and the 
binding of 14-3-3 usually affects the binding partner’s 
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activity, we next investigated whether Rho-kinase regu-
lates Ras activity through SynGAP1 phosphorylation. 
HA-Rho-kinase-CAT or RB/PH (TT) was expressed with 

Myc-SynGAP1 in HeLa cells. The cell lysates were incu-
bated with GST-Raf1-RBD to precipitate active Ras, which 
was followed by immunoblot analysis using anti-Ras and 
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Fig. 2  Identification of the phosphorylation site of SynGAP1 by Rho-
kinase. a Representation of the domain structures of SynGAP1 and 
its various fragments. SynGAP1 contains the Pleckstrin Homology 
(PH) domain, C2 domain, RasGAP domain, disordered domain and 
coiled-coil (CC) domain. b Rho-kinase regulates the interaction of 
the C-terminus of SynGAP1 with 14-3-3ζ in HeLa cells. SynGAP1-
NT, SynGAP1-NTMD or SynGAP1-CT was transfected into HeLa 
cells, treated with Y-27632 (20 μM) and/or OA (1 μM) for 1 h, and 
then pulled down by GST-14-3-3ζ. Samples were analyzed by immu-
noblotting with an anti-Myc antibody. c The bar graph shows the 

amounts of SynGAP1-NT pulled down by GST-14-3-3ζ. Data repre-
sent the mean ± SEM of three independent experiments and were ana-
lyzed by one-way ANOVA with Tukey’s post hoc test. ns: not signifi-
cant. d The bar graph shows the amounts of SynGAP1-NTMD pulled 
down by GST-14-3-3ζ. Data represent the mean ± SEM of three inde-
pendent experiments and were analyzed by one-way ANOVA with 
Tukey’s post hoc test. ns: not significant. e The bar graph shows the 
amounts of SynGAP1-CT pulled down by GST-14-3-3ζ. Data repre-
sent the mean ± SEM of three independent experiments and were ana-
lyzed by one-way ANOVA with Tukey’s post hoc test. **P < 0.01
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phosphorylated ERK (active ERK) (Fig. 4a–c). The activ-
ity of Ras and ERK1/2 phosphorylation were significantly 
decreased when only SynGAP1 was expressed (Fig. 4a–c). 
Coexpression of Rho-kinase-CAT with SynGAP1 increased 
active Ras and ERK1/2 phosphorylation, but neither were 
stimulated with that of RB/PH (TT) (Fig. 4a–c). Under the 
same conditions, Rho-kinase-CAT did not show the stimu-
latory effect of SynGAP1-S842A on Ras activity and ERK 
phosphorylation (Fig. 4d–f), suggesting that Rho-kinase 
phosphorylates SynGAP1 at Ser842, thereby stimulating 
Ras-ERK signaling.

Chemical LTP Regulates Ras and ERK Activity 
Through Rho‑Kinase‑SynGAP1

To examine whether Rho-kinase regulates the Ras-ERK 
pathway through SynGAP1 phosphorylation in neurons, 
we prepared DIV21 striatal neurons and then chemically 
induced LTP using a standard protocol that selectively acti-
vated synaptic NMDARs (Chemical LTP). In this method, 
magnesium in the media was withdrawn in conjunction 
with glycine perfusion. With spontaneous glutamate release 
from axonal terminals, glycine strongly and specifically 
stimulates synaptic NMDARs [34–37]. The striatal neu-
rons were treated with DMSO or Y-27632 for 1 h and then 
incubated with glycine to induce chemical LTP for 10 min 

or 60 min, which was followed by morphology analysis of 
dendritic spines using anti-SynGAP1 and PSD95 antibod-
ies (Fig. 5a). PSD95 is a membrane-associated guanylate 
kinase scaffolding protein located in postsynaptic densities 
[38, 39]. SynGAP1 is localized at dendritic spines and forms 
a large macromolecule complex with PSD95 and NMDA-R 
[21]. We found that treatment with glycine induced a sus-
tained increase in dendritic spine size at 10 min and 60 min 
(Fig. 5b), as previously described [26]. We also found that 
glycine treatment showed a decrease in SynGAP1 colocal-
ized with PSD95 at the spines (Fig. 5c). However, pretreat-
ment with Y-27632 inhibited the glycine-induced increases 
in spine size and dispersion of SynGAP1 from the spines 
(Fig. 5 b, c).

We next examined whether chemical LTP induction 
modulated the interactions among SynGAP1, PSD95 and 
14-3-3ζ. After treatment with glycine, SynGAP1 was immu-
noprecipitated from the cell lysates with the anti-SynGAP1 
antibody, and the immunoprecipitants were subjected to 
immunoblot analysis with the anti-PSD95 and anti-14-3-3ζ 
antibodies (Fig. 5d–f). The amounts of PSD95 immunopre-
cipitated with SynGAP1 progressively decreased during 
chemical LTP, whereas those of 14-3-3ζ increased (Fig. 5e, 
f). These changes were reversed by pretreating the neurons 
with Y-27632 (Fig. 5e, f). We also tested whether SynGAP1 
was phosphorylated during chemical LTP using the anti-
p842 SynGAP1 antibody but could not detect phosphoryla-
tion. This failure may be due to the low sensitivity of the 
antibody and expression levels of SynGAP1. However, we 
assume that chemical LTP induction stimulates SynGAP1 
phosphorylation by Rho-kinase because treatment with 
glycine increased the interaction of SynGAP1 with 14-3-
3ζ and pretreatment with Y-27632 inhibited the interaction 
(Fig. 5d, f). We examined whether chemical LTP induction 
affected Ras-ERK signaling. After treatment with glycine, 
we measured the Ras activity and the phosphorylation of 
MYPT1 and ERK. The results showed that glycine treatment 
stimulated Ras activity and the phosphorylation of MYPT1 
and ERK in a time-dependent manner, and these effects were 
prevented by pretreatment with Y-27632 (Fig. 5g–j).

To further explore the relationship among SynGAP1, 
PSD95 and 14-3-3ζ, we cotransfected plasmids harbor-
ing Myc-SynGAP1, EGFP-PSD95, and GST-14-3-3ζ into 
HeLa cells. The transfected cells were treated with DMSO 
or Y-27632 for 1 h and then incubated with okadaic acid 
for 1 h. Myc-SynGAP1 was immunoprecipitated with the 
anti-Myc antibody, and the immunoprecipitants were ana-
lyzed by immunoblotting with the anti-Myc, anti-EGFP, 
anti-GST, anti-MYPT1 and anti-pMYPT1 antibodies 
(Fig. 6a–e). Treatment with okadaic acid increased MYPT1 
phosphorylation and the association of Myc-SynGAP1 with 
GST-14-3-3ζ and decreased the association with EGFP-
PSD95, whereas the effects of okadaic acid were negated by 

Fig. 3  Rho-kinase phosphorylate SynGAP1 at Ser842. a, b The 
direct phosphorylation of SynGAP1 by Rho-Kinase. GST-SynGAP1 
fragments were transfected into COS7 cells, and GST-SynGAP1 
fragments were purified by Glutation Sepharose 4B beads. Purified 
GST-SynGAP1 fragments were incubated with or without  GST-
Rho-kinase-CAT (50 nM) in the presence of [γ-  32P] ATP at 30  °C 
for 20 min. Samples were subjected to SDS-PAGE and silver stain-
ing followed by autoradiography. Asterisks indicate intact GST-
SynGAP1 fusion proteins. Arrow indicates recombinant Rho-kinase-
CAT. c Myc-SynGAP1-WT was transfected into HeLa cells and 
stimulated with Y-27632 (20 μM) and OA (1 μM) for 1 h. Samples 
were analyzed by immunoblotting with anti-pS842-SynGAP1 and 
anti-Myc antibodies. d The bar graph shows the relative intensity of 
pSynGAP1 (S842) normalized to total SynGAP1. Data represent the 
mean ± SEM of four independent experiments and were analyzed by 
one-way ANOVA with Tukey’s post hoc test. ****P < 0.0001. e Myc-
SynGAP1-WT and HA-Rho-kinase-CAT or -RB/PH (TT) were trans-
fected into HeLa cells. Samples were analyzed by immunoblotting 
with anti-pS842-SynGAP1, anti-Myc and anti-HA antibodies. f The 
bar graph shows the relative intensity of pSynGAP1 (S842) normal-
ized to total SynGAP1. Data represent the mean ± SEM of four inde-
pendent experiments and were analyzed by one-way ANOVA with 
Tukey’s post hoc test. ***P < 0.001, **P < 0.01. ns: not significant. 
g The S842A mutant of SynGAP1 decreased the interaction with 
14-3-3ζ. HeLa cells were transfected with Myc-SynGAP1-WT or 
S842A, which was followed by pulldown with affinity beads coated 
with 14-3-3ζ. The samples were analyzed by immunoblotting with an 
anti-Myc antibody. h The bar graph shows the amounts of SynGAP1 
pulled down by 14-3-3ζ. Data represent the mean ± SEM of three 
independent experiments and were analyzed by one-way ANOVA 
with Tukey’s post hoc test. ****P < 0.0001
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pretreatment with Y-27632 (Fig. 6a–e). These results suggest 
that Rho-kinase increases the interaction of SynGAP1 with 
14-3-3ζ and decreases the interaction with PSD95.

Discussion

Brief Summary and Conclusion

Stimulation of NMDA-R to induces RhoA activation 
through  Ca2+-CaMKII signaling [9]. In this study, we 
found that Rho-kinase phosphorylated SynGAP1 at Ser842 
and induced the association of SynGAP1 with 14-3-3ζ, 
thereby activating Ras-ERK signaling (Fig. 1–4). The 
stimulation of NMDA-R by glycine treatment for LTP 
induction stimulated SynGAP1 phosphorylation, Ras-ERK 
activation, spine enlargement and delocalization of Syn-
GAP1 from the spines in striatal neurons, whereas these 

effects were prevented by pretreatment with a Rho-kinase 
inhibitor (Y-27632). The Rho-kinase-mediated phospho-
rylation of SynGAP1 appeared to induce its dissociation 
from PSD95 but its association with 14-3-3 (Fig. 6a–e). 
Based on our findings with previous findings, we pro-
pose the mechanism by which the RhoA-Rho-kinase sig-
nal regulates Ras-ERK signaling during LTP induction 
(Fig. 6f). Upon NMDA-R stimulation, the influx of  Ca2+ to 
neurons is induced to activate CaMKII, thereby stimulat-
ing RhoA-Rho-kinase. Rho-kinase phosphorylates Syn-
GAP1 and induces its association with 14-3-3ζ, resulting 
in inactivation of SynGAP1 activity and its dissociation 
from PSD95, which is anchored to NMDA-R. Eventually, 
Ras-ERK signaling is activated, leading to postsynaptic 
insertion of AMPA-R and spine enlargement, as previously 
reported [12]. On the other hand, the RhoA-Rho-kinase 
pathway appears to modulate actin polymerization, result-
ing in spine enlargement (Fig. 6f).
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SynGAP1 were transfected into HeLa cells. Cell lysates were incu-
bated with GST-Raf1-RBD to precipitate active Ras, followed by 
immunoblotting with anti-Ras, anti-Myc, anti-HA, anti-pERK1/2, 
and anti-ERK1/2 antibodies. b The bar graph shows the relative 
intensity of pERK1/2 normalized to total ERK1/2. Data represent 
the mean ± SEM of nine independent experiments and were ana-
lyzed by one-way ANOVA with Tukey’s post hoc test. **P < 0.01, 
****P < 0.0001. c The bar graph shows amounts of active Ras. Data 
represent the mean ± SEM of nine independent experiments and were 
analyzed by one-way ANOVA with Tukey’s post hoc test. **P < 0.01, 

****P < 0.0001. d HA-Rho-kinase-CAT was cotransfected with Myc-
SynGAP1-WT or -S842A into HeLa cells. Cell lysates were incu-
bated with GST-Raf1-RBD to precipitate active Ras, followed by 
immunoblotting with anti-Ras, anti-Myc, anti-HA, anti-pERK1/2, 
and anti-ERK1/2 antibodies. e The bar graph shows the relative 
intensity of pERK1/2 normalized to total ERK1/2. Data represent the 
mean ± SEM of three independent experiments and were analyzed 
by one-way ANOVA with Tukey’s post hoc test. ****P < 0.0001. 
f The bar graph shows amounts of active Ras. Data represent the 
mean ± SEM of three independent experiments and were analyzed by 
one-way ANOVA with Tukey’s post hoc test. ****P < 0.0001
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SynGAP1 is a Novel Rho‑Kinase Substrate

It has been reported that SynGAP1 is phosphorylated by 
PLK2, CDK5, and CaMKII [26, 40, 41]. SynGAP1 is 
phosphorylated on the C-terminal side of its GAP domain 
by PLK2, which increases the Ras-GAP activity of Syn-
GAP1 [41]. CDK5 phosphorylates SynGAP1 at Ser773 and 
Ser802. Phosphorylation of SynGAP1 at Ser773 inhibits 
Ras-GAP activity, and phosphorylation at Ser802 increases 
it [40]. CaMKII phosphorylates SynGAP1 at Ser1108 and 
Ser1138 and inhibits binding of SynGAP1 to PSD95[26]. 
We also confirmed that ectopic expression of constitutive 
active CaMKII in COS7 cells inhibits the interaction of 
SynGAP1 with PSD95 (Fig. S2) The phosphorylation of 
SynGAP1 by CaMKII during LTP induction in hippocampal 
neurons results in rapid dispersion of SynGAP1 from the 
spine and activation of Ras-ERK signals in the spine [26]. In 
this study, we found that Rho-kinase directly phosphorylates 
SynGAP1 at Ser842 and inhibits the interaction of SynGAP1 
with PSD95. A Rho-kinase inhibitor (Y-27632) suppressed 
the activation of Ras and ERK during LTP induction in stri-
atal neurons (Fig. 5g–j), suggesting that Rho-kinase plays 
an important role in Ras-ERK signaling downstream of 
NMDA-R. It has been reported that NMDA-R stimulation 
induces the influx of  Ca2+ into neurons, activating CaMKII, 
which in turn activates the RhoA-Rho-kinase pathway [9]. 
Thus, it is suggested that SynGAP1 is sequentially phospho-
rylated by CaMKII and Rho-kinase downstream of NMDA-
Rs during LTP induction, and consequently SynGAP1 devi-
ates from the spine and activates Ras-ERK signaling.

Rho‑kinase Regulates Ras‑ERK Signaling 
via Phosphorylation of SynGAP1

We found that the activation of Rho-kinase phosphoryl-
ated SynGAP1 and promoted the activation of Ras-ERK 
signaling in Raf-RBD pulldown experiments (Fig. 4a–c). 
Additionally, stimulation of NMDA-R with glycine to 
induce LTP promoted the activation of Ras-ERK in striatal 
neurons, and these effects were prevented by pretreatment 
with a Rho-kinase inhibitor (Y-27632) (Fig. 5g–j). Thus, 
it was suggested that Rho-kinase inhibits the GAP activ-
ity of SynGAP1. However, there is no evidence that Rho-
kinase directly regulates the GAP activity of SynGAP1. We 
consider two possibilities. We found that phosphorylation 
by Rho-kinase induced the binding of SynGAP1 to 14-3-
3ζ (Fig. 1a–j). We also showed that the SynGAP1-S842A 
mutant suppressed the activation of Ras-ERK signaling 
by Rho-kinase (Fig. 4 d–f). Therefore, phosphorylation of 
SynGAP1 may inhibit GAP activity when it binds to 14-3-
3ζ. We also found that the phosphorylation of SynGAP1 by 
Rho-kinase inhibited the binding of SynGAP1 to PSD95 
(Fig. 6a–e). SynGAP1 dissociated from PSD95 in striatal 

neuronal spines when NMDA-R was stimulated with glycine 
to induce LTP (Fig. 5a–f). Thus, it is likely that phosphoryl-
ated SynGAP1 interacts with 14-3-3ζ to change the confor-
mation of SynGAP1, and this conformational change also 
dissociates SynGAP1 from PSD95.

Experimental Procedures

Animals

Pregnant female ICR mice (RRID: IMSR_JAX:009122) 
and 6–8 weeks old male C57BL/6 mice (22–27 g) (RRID: 
IMSR_JAX:000664) were purchased from Japan SLC (Shi-
zuoka, Japan). All mice were housed in a specific patho-
gen-free animal facility with a 12 h light/dark cycle (light 
phase 9:00–21:00) at a density of four mice per cage (17 cm 
wide × 28 cm long × 13 cm high) under standard conditions 
(23 ± 1 °C, 50 ± 5% humidity), and food and water were 
available ad libitum.

Cell Lines

HeLa cells and COS7 cell lines (ATCC, Manassas, VA, 
USA) were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM; Merck, Kenilworth, NJ, USA) containing 10% 
fetal bovine serum (FBS; Merck), in a humidified atmos-
phere at 37 °C with 5%  CO2.

Plasmid Constructs

The cDNA encoding human SynGAP1 was purchased from 
Kazusa DNA Research Institute (Chiba, Japan). The cDNA 
encoding mouse PSD95 was cloned from mouse cDNA 
library. The cDNA encoding rat CaMKIIα-full-length and 
-CA (1–274 aa) were kindly provided by Dr. Watanabe 
(Showa Pharmaceutical University, Tokyo, Japan). The 
PCR-amplified cDNA encoding full-length or fragments of 
SynGAP1, PSD95 or CaMKIIα was subcloned into pCR-
Blunt-TOPO vector (Thermo Fisher Scientific, Waltham, 
MA, USA). After sequencing, these cDNAs were further 
subcloned into pCAGGS-myc-KK1 [42], pEF-BOS-GST 
[43] or pEGFP-C1 (Takara Bio Inc, Shiga, Japan) expression 
vectors. The mutant SynGAP1-S842A was generated with 
a PrimeSTAR Mutagenesis Basal Kit (Takara) by changing 
Ser842 to alanine. pGEX-14-3-3ζ was obtained as previ-
ously described [14]. pEF-BOS-HA-Rho-kinase-CAT and 
-RB/PH (TT) were obtained as previously described [44, 
45]. GST-fusion proteins were produced in BL21 (DE3) 
Escherichia coli cell and purified on glutathione-Sepharose 
4B beads (GE Healthcare, Chicago, IL, USA).
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Antibody

Rabbit polyclonal antibody against SynGAP1 phosphoryl-
ated at Ser842 (anti-pS842 antibody) was produced against 
the phosphopeptide C + VNKSVpSMLDLQ (FUJIFILM 
Wako, Osaka, Japan). We purified an anti-phospho Syn-
GAP1 antibody against the phosphopeptide by an affinity 
column. In brief, we first prepared an affinity column with 
phosphopeptide by applying peptide in a Sulfolink cou-
pling gel (Thermo Fisher Scientific), which was followed 
by blocking the nonspecific binding site by adding cysteine 
buffer (50 mM L-cysteine HCl, 50 mM Tris–HCl, 5 mM 
EDTA, pH 8.5). Next, we applied antiserum to the column 
with overnight rotation at 4 °C. Then, after washing with 
PBS, we eluted the antibody with 100 mM glycine solu-
tion (pH 2.5), and the pH was adjusted to 7.5. Rabbit poly-
clonal anti-MBS (MYPT1) antibody was generated by use of 
GST-rat MBS-N-terminal domain (1-707 aa). The following 

antibodies were obtained commercially: rabbit polyclonal 
anti-SynGAP1 antibody (RRID:AB_303723) (Abcam, 
Cambridge, UK), rabbit polyclonal anti-phospho-MYPT1 
(T853) antibody (RRID:AB_310812) (Merck), mouse 
monoclonal anti-PSD95 antibody (RRID:AB_795156) 
(Thermo Fisher Scientific), rabbit polyclonal anti-c-myc 
(A-14) (RRID: AB_631274), mouse monoclonal pan-14-
3-3 (H-8) (RRID:AB_626618), mouse monoclonal 14-3-
3β (A-6) (RRID:AB_626617), mouse monoclonal 14-3-3γ 
(D-6) (RRID:AB_2818976), mouse monoclonal 14-3-3ε 
(8C3) (RRID:AB_626619), mouse monoclonal 14-3-3η 
(6A12) (RRID:n/a), mouse monoclonal 14-3-3σ (E-11) 
(RRID:AB_2285808), mouse monoclonal 14-3-3θ (5J20) 
(RRID:AB_2218224), and mouse monoclonal 14-3-3ζ(1B3) 
(RRID:n/a) antibodies (Santa Cruz, Dallas, TX, USA), 
mouse anti-GFP antibody (RRID: AB_390913) (Roche, 
Mannheim, Germany), mouse monoclonal anti-glutathione 
S-transferase antibody (AB_2883970) (FUJIFILM Wako), 
rabbit monoclonal anti-SynGAP1 (RRID: AB_11141232), 
rabbit polyclonal anti-14-3-3 (Pan) (RRID: AB_10860606), 
rabbit monoclonal anti-Ras (RRID:AB_2269641), rab-
bit monoclonal anti-PSD95 (RRID: AB_1264242), rab-
bit monoclonal anti-phospho-p44/42 MAPK (ERK1/2) 
(T202/Y204) (RRID: AB_2315112), and mouse monoclo-
nal anti-p44/42 MAPK (ERK1/2) (RRID: AB_10695739) 
antibodies (Cell Signaling Technology Inc, Daners, MA, 
USA). Following secondary antibodies were also obtain 
commercially: donkey polyclonal anti-rat IgG with Alexa 
Fluor 488 (RRID: AB_2535794), donkey polyclonal anti-
rabbit IgG with Alexa Fluor 555 (RRID: AB_162543), goat 
polyclonal anti-rabbit IgG with Alexa Fluor 680 (RRID: 
AB_2535758), goat polyclonal anti-mouse IgG with Alexa 
Fluor 680 (RRID: AB_2535724) (Thermo Fisher Scientific) 
and goat anti-mouse IgG (H + L DyLight 800 Conjugate) 
(RRID: AB_10693543) (Cell Signaling Technology). The 
following reagents were used: dimethyl sulfoxide (DMSO) 
(Merck), Okadaic acid and Y-27632 (FUJIFILM Wako).

Primary Striatal Neuron Cultures 
and Immunofluorescence Analysis

Cultured neurons were prepared for E15 mouse embryos of 
ICR female mice (Japan SLC) as described previously [46, 
47] with some modifications. Neuron dissociation solutions 
(FUJIFILM Wako) were used to digest the striatal tissues 
following the manufacturer’s instructions. Dissociated stri-
atal neurons cultured in neurobasal medium (Thermo Fisher 
Scientific) containing 10% FBS (Merck) were seeded on 
culture dishes with PDL (poly-D-lysine; Merck) or slides 
with coverslips. The medium was changed to neuroba-
sal medium containing B-27 supplement (Thermo Fisher 
Scientific) and 1 mM GlutaMAX (Thermo Fisher Scien-
tific) after 1 h of plating. The neurons were incubated in a 

Fig. 5  Phosphorylation of SynGAP1 by Rho-kinase regulates its 
synaptic localization. a Striatal neurons were cultured for 21  days, 
treated with DMSO or Y-27632 (20  μM) and induced glycine-
induced chemical LTP for 10  min or 60  min. Neurons were fixed 
and immunostained with anti-PSD95 and anti-SynGAP1 antibodies. 
b The dot plot shows the spine size. Data represent the mean ± SEM 
of three independent experiments and were analyzed by one-way 
ANOVA with Tukey’s post hoc test. ****P < 0.0001. c The bar 
graph shows the amount of localization of SynGAP1 in the spine. 
Data represent the mean ± SEM of ten independent experiments 
and were analyzed by one-way ANOVA with Tukey’s post hoc test. 
****P < 0.0001. d Striatal neurons were cultured for 21 days, treated 
with DMSO or Y-27632 (20  μM) and induced glycine-induced 
chemical LTP for 10 min or 60 min. Cell lysates were incubated with 
anti-SynGAP1 antibody for 1  h and then with Protein A Sepharose 
4 Fast Flow beads for 1  h. Samples were analyzed by immunoblot-
ting with anti-SynGAP1, anti-PSD95 and anti-14-3-3ζ antibodies. 
e The bar graph shows the amounts of PSD95 interacting with Syn-
GAP1. Data represent the mean ± SEM of three independent experi-
ments and were analyzed by one-way ANOVA with Tukey’s post hoc 
test. **P < 0.01. ***P < 0.001. f The bar graph shows the amounts of 
14-3-3ζ interacting with SynGAP1. Data represent the mean ± SEM 
of three independent experiments and were analyzed by one-way 
ANOVA with Tukey’s post hoc test. **P < 0.01. ***P < 0.001. 
****P < 0.0001. g Striatal neurons were cultured for 21 days, treated 
with DMSO or Y-27632 (20  μM) and induced glycine-induced 
chemical LTP for 10  min or 60  min. Cell lysates were incubated 
with GST-Raf1-RBD to precipitate active Ras, which was followed 
by immunoblotting with anti-Ras, anti-SynGAP1, anti-pMYPT1 
(T853), anti-MYPT1, anti-pERK1/2, and anti-ERK1/2 antibodies. h 
The bar graph shows the relative intensity of pERK1/2 normalized 
to total ERK1/2. Data represent the mean ± SEM of four independ-
ent experiments and were analyzed by one-way ANOVA with Tuk-
ey’s post hoc test. **P < 0.01. ****P < 0.0001. i The bar graph shows 
the relative intensity of pMYPT1 normalized to total MYPT1. Data 
represent the mean ± SEM of four independent experiments and were 
analyzed by one-way ANOVA with Tukey’s post hoc test. **P < 0.01. 
****P < 0.0001. j The bar graph shows amounts of active Ras. Data 
represent the mean ± SEM of four independent experiments and were 
analyzed by one-way ANOVA with Tukey’s post hoc test. **P < 0.01. 
****P < 0.0001
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Fig. 6  Rho-kinase decreases the 
interaction between SynGAP1 
and PSD95. a Myc-SynGAP1, 
EGFP-PSD95, and GST-14-
3-3ζ were cotransfected into 
HeLa cells. Cells were treated 
with DMSO or Y-27632 
(20 μM) for 1 h and then 
stimulated with OA (1 μM) for 
1 h. Cell lysates were incubated 
with anti-Myc antibody, and 
the immunoprecipitates were 
analyzed by immunoblotting 
with anti-Myc, anti-GFP, anti-
GST, anti-pSynGAP1 (S842), 
anti-pMYPT1 (T853), and 
anti-MYPT1 antibodies. b The 
bar graph shows the relative 
intensity of pMYPT1 normal-
ized to total MYPT1. Data 
represent the mean ± SEM of 
three independent experiments 
and were analyzed by one-way 
ANOVA with Tukey’s post 
hoc test. ***P < 0.001. c The 
bar graph shows the relative 
intensity of pSynGAP1 (S842) 
normalized to total SynGAP1. 
Data represent the mean ± SEM 
of three independent experi-
ments and were analyzed by 
one-way ANOVA with Tukey’s 
post hoc test. ***P < 0.001. 
d The bar graph shows the 
amounts of PSD95 interacting 
with SynGAP1. Data repre-
sent the mean ± SEM of three 
independent experiments and 
were analyzed by one-way 
ANOVA with Tukey’s post hoc 
test. ****P < 0.0001. e The bar 
graph shows amounts of 14-3-
3ζ interacting with SynGAP1. 
Data represent the mean ± SEM 
of three independent experi-
ments and were analyzed by 
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humidified atmosphere at 37 °C with 5%  CO2. The cultured 
striatal neurons were treated with chemically-induced long-
term potentiation (Chemical-LTP) and Y-27632 (20 µM). 
The neurons were fixed with 4% paraformaldehyde in PBS 
for 20 min at room temperature and permeabilized in PBS 
containing 0.1% Triton X-100 and 5% normal goat serum for 
20 min. The cells were probed with the indicated primary 
antibodies followed by secondary antibodies conjugated to 
Alexa Fluor488 and Alexa Fluor555 (Thermo Fisher Scien-
tific). Fluorescence images were acquired with an LSM 780 
under the control of LSM software (Carl Zeiss).

Preparation and Incubation of Striatal Slices

Striatal slices were prepared from mice as described pre-
viously [17]. Male C57BL/6 mice 6–8 weeks old were 
decapitated. The brains were rapidly removed and placed in 
ice-cold, oxygenated Krebs-HCO3

− buffer (124 mM NaCl, 
4 mM KCl, 26 mM  NaHCO3 1.5 mM  CaCl2, 1.25 mM 
 MKH2PO4, 1.5  mM  MgSO4, and 10  mM D-glucose, 
pH 7.4). Coronal slices (350 µm) were prepared using a 
VT1200S vibratome (Leica Microsystems, Nussloch, Ger-
many). The stratum was dissected from the slices in ice-cold 
Krebs-HCO3

− buffer. Each slice was placed in a polypropyl-
ene incubation tube with 2 ml of fresh Krebs-HCO3

− buffer 
containing adenosine deaminase (10 µg/ml). The slices were 
preincubated at 30 °C under constant oxygenation with 95% 
 O2/5%  CO2 for 60 min. The buffer was replaced with fresh 
Krebs-HCO3

− buffer after 30 min of preincubation. The 
slices were treated with DMSO or Y-27632 for 1 h and then 
stimulated with okadaic acid for 1 h. After the drug treat-
ments, the slices were transferred to Eppendorf tubes, frozen 
on dry ice, and stored at − 80 °C until further analysis. Prior 
to the immunoblot analysis, the slices were mixed by boiling 
in SDS sample buffer.

Chemical LTP

The Chemical LTP was performed as described previously 
[26], with some modifications. Cultured dissociated stri-
atal neurons were perfused with warmed/oxidized normal 
ACSF solution (nACSF: 125 mM NaCl, 2.5 mM KCl, 2 mM 
 CaCl2, 1 mM  MgCl2, 5 mM HEPES and 33 mM glucose; 
pH: 7.3 Osm: 290), then the nACSF solution was discarded, 
warmed oxidized cLTP solution (cLTP: 125 mM NaCl, 
2.5 mM KCl, 2 mM  CaCl2, 5 mM Hepes, 33 mM glucose, 
0.0005 mM TTX, 0.02 mM bicuculline, and 0.003 mM 
strychnine) was added for 10 min, and the cells were per-
fused with glycine (in HBSS: fincal conc. 200 µM) for 
5 min. Finally, nACSF was refused again, and the neurons 
were cultured for 10 min or 60 min.

In vitro Phosphorylation Assay

The in  vitro phosphorylation assay was performed as 
described previously [33, 44]. SynGAP1 fragments were 
expressed in COS7 cells as GST fusion proteins and puri-
fied with glutathione-Sepharose 4B beads (GE Health-
care). The kinase reactions for Rho-kinase were performed 
in 100 μl of a reaction mixture (50 mM Tris/HCl, pH 7.5, 
1 mM EDTA, 1 mM EGTA, 1 mM DTT, 5 mM  MgCl2, and 
100 μM [γ- 32P] ATP [1–20 GBq/mmol]), with 0.05 μM 
of the catalytic domain of Rho-kinase and purified GST-
SynGAP1 fragments for 20 min at 30 °C. The reaction 
mixtures were then boiled in sodium dodecyl sulfate (SDS) 
sample buffer and subjected to SDS-polyacrylamide gel 
electrophoresis (PAGE) and silver staining. Then, the radi-
olabeled proteins were visualized with an image analyzer 
(FLA9000; GE Healthcare).

GST‑14‑3‑3ζ Pulldown Assay

Mouse striatal slices, cultured striatal neurons, or HeLa 
cells were lysed in lysis buffer [20 mM Tris/HCl, 1 mM 
EDTA, 150  mM NaCl, 1% NP-40, protease inhibitor 
cocktail (Roche), and phosphatase inhibitor cocktail 
(PhosStop, Roche), pH 7.5] and then sonicated 3 times 
for 5–10 s. After centrifugation at 15,000×g for 10 min 
at 4 °C, the soluble supernatant was incubated with glu-
tathione-Sepharose 4B beads (GE Healthcare) coated with 
100 pmol of GST-14-3-3ζ for 1 h at 4 °C with gentle rota-
tion. The beads were washed three times with lysis buffer, 
eluted by boiling in SDS sample buffer for SDS-PAGE and 
then subjected to immunoblot analysis with the indicated 
antibodies.

Active Ras Pulldown Assay (GST‑Raf1‑RBD Pulldown 
Assay)

Myc-SynGAP1-WT or Myc-SynGAP1-S842A was cotrans-
fected with HA-Rho-kinase CAT or HA-Rho-kinase-RB/
PH (TT) into HeLa cells. After 18–24 h of transfection, 
HeLa cells were lysed in lysis buffer [20 mM Tris/HCl, 
1 mM EDTA, 150 mM NaCl, 1% NP-40, protease inhibi-
tor cocktail (Roche), and phosphatase inhibitor cocktail 
(PhosStop, Roche), pH 7.5] and then sonicated 3 times for 
5 s. The cell lysate, which was obtained by centrifugation at 
15,000×g for 10 min at 4 °C, was then incubated with glu-
tathione-Sepharose 4B beads (GE Healthcare) coated with 
100 pmol of GST-Raf1-RBD for 1 h at 4 °C with gentle rota-
tion. Active Ras was pulled down by beads attached to Raf1-
RBD. The beads were washed three times with lysis buffer, 
eluted by boiling in SDS sample buffer for SDS-PAGE and 
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then subjected to immunoblot analysis with the indicated 
antibodies.

Immunoprecipitation Assay

Mouse brains, cultured striatal neurons, or HeLa cells 
were lysed in lysis buffer [20 mM Tris/HCl, 1 mM EDTA, 
150  mM NaCl, 1% NP-40, protease inhibitor cocktail 
(Roche), and phosphatase inhibitor cocktail (PhosStop, 
Roche), pH 7.5] and then sonicated 3 times for 5–10 s. The 
lysate was incubated for 30 min at 4 °C with rotation and 
centrifuged at 15,000×g for 10 min at 4 °C. The supernatant 
was used as the cell lysate. The indicated antibodies were 
incubated with the lysate for 1 h with rotation and then with 
Protein A Sepharose 4 Fast Flow beads (GE Healthcare) 
for 1 h at 4 °C with gentle rotation. The beads were washed 
three times with lysis buffer, eluted by boiling in SDS sam-
ple buffer for SDS-PAGE and then subjected to immunoblot 
analysis with the indicated antibodies.

SDS‑PAGE and Immunoblot Analysis

Laemmli’s SDS-PAGE was carried out using 6%, 8%, or 
12% polyacrylamide gels (Nacalai Tesque, Kyoto, Japan). 
The proteins were separated via SDS-PAGE and transferred 
to polyvinylidene difluoride membranes (Immobilon- FL, 
Merck). The membranes were blocked for 30 min at room 
temperature with Blocking-One (Nacalai Tesque) or Block-
ing-One P (Nacalai Tesque) and incubated for 1 h at room 
temperature or overnight at 4 ℃ with primary antibodies. 
The membranes were washed with 0.05% Tween/TBS and 
were then incubated with secondary antibodies for 30 min 
at room temperature. Specific binding was detected using 
an infrared (LI-COR Biosciences, Lincoln, NE) imaging 
system. Band intensities were quantified using ImageStu-
dio software (RRID: SCR_015795, LI-COR Biosciences).

Statistical Analysis

Data analysis was performed using Prism 8 Statistics soft-
ware (RRID: SCR_002798, GraphPad Software, Inc., La 
Jolla, USA). All data are expressed as the mean ± standard 
error of the mean (SEM). One-way or two-way analysis of 
variance (ANOVA) was used followed by Tukey’s multiple-
comparison test when the F ratios were significant (p < 0.05). 
Student’s t test was used to compare the difference between 
two groups. No blinding was performed, and p < 0.05 was 
considered to indicate statistical significance.
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