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2          2~4 
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4           6~7 
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7           18 24 
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dbcAMP  

— cAMP TC10  
 

 — dbcAMP TC10 PKA  

— PC12 Neuro2A RhoA   
dbcAMP 20 30  

cAMP TC10 RhoA p190B  
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p190A p190B cAMP 
          

 dbcAMP TC10 STEF Rac1  

9             25 28 

 

10          29~36 

 

11           37 59 

― 1  

― 2  

― 3  

― 4 TC10   

― 5 TC10 FRET  

― 6 TC10  

― 7 dbcAMP
 TC10   

 ― 8 dbcAMP PC12 HeLa  

 ― 9 dbcAMP PC12  
  TC10  

 ― 10 dbcAMP  TC10 PKA Epac  
   

― 11  dbcAMP  
 RhoA  
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 ― 12  Raichu-TC10 / K-RasCT Raichu-RhoA / K-RasCT  
   FRET / CFP p190A p190B  

 ― 13  p190A p190B dbcAMP TC10  
   RhoA  

 ― 14  PC12 dbcAMP  
   p190A p190B  

 ― 15  dbcAMP PC12 F-  
   p190A p190B  

 ― 16  dbcAMP  TC10 Rac1-N17  
   STEF  

 ― 17  cAMP TC10  

 

10              60 
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FRET: Förster resonance energy transfer 

dbcAMP: dibutyryl-cAMP 

GLUT4: glucose transporter type 4 

Raichu: Ras and interacting protein chimeric unit  

GEF: guanine nucleotide exchange factor 

GAP: GTPase activating protein  

CFTR: cystic fibrosis transmembrane conductance regulator 

AMPA: α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid 

DIC: differential interference contrast  

IMD: intensity modulated display  

NGF: nerve growth factor  

PACAP: pituitary adenylate cyclase-activating polypeptide
 

EGF: epidermal growth factor  

PPV: plasmalemmal precursor vesicle 

PKA: protein kinase A 

Epac: exchange protein directly activated by cAMP 

STEF: Sif- and Tiam1-like exchange factor 

ROS: reactive oxygen species  

CFP: cyan fluorescent protein 

YFP: yellow fluorescent protein 

mTFP: monomeric teal fluorescent protein 

SNARE: soluble NSF attachment protein receptor 
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cAMP
Rho G TC10

 
cAMP

cAMP Rho 
G TC10

PC12
 (NGF) TC10

cAMP TC10
cAMP TC10

TC10 cAMP cAMP PC12
TC10

cAMP TC10
TC10 PC12 cAMP

TC10
TC10

TC10 TC10
GTP

PC12 cAMP TC10
cAMP

TC10 PKA
TC10 RhoA cAMP

p190A RhoGAP p190B RhoGAP
cAMP p190B

Rac1 GEF STEF Rac1-N17 cAMP
TC10 cAMP PC12

PKA-STEF-Rac1-p190B
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TC10 RhoA cAMP
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1000

( 1)

 

2
 

2
 ( 2A)

2
 (

2B)  

PPVs
 

(Pfenninger, 2009)

 (Tojima & Kamiguchi, 2015; Wojnacki & Galli, 
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2016) plasmalemmal precursor vesicles (PPVs) 

 (Pfenninger, 
2009; Pfenninger and Friedman, 1993; Ory and Gasman, 2011)

PPVs
 ( 2A)

PPVs
(Futerman and Banker, 1996; Igarashi et al., 1996)  

 

(NGF) ( )
Netrin

(PACAP)
 (Aoki et al., 2004, Nishiyama et al., 2003, 

Ogata et al., 2015, Zhou et al., 2008) ( 3) NGF
TrkA PI3 PIP3 Vav2 

/Vav3 Rho 
G Rac1 Cdc42 (Aoki et al., 2004)

Rac1 Cdc42
Netrin Deleted in colorectal cancer (DCC) 

cAMP (Nishiyama et al., 2003) PACAP G
Gs
cAMP  (Ogata et al., 2015)

cAMP PKA PKA
PKA Rac1 GDP/GTP (GEF)

STEF/Tiam2 Rac1 (Goto et al., 2011)
A

RacGEF FARP2 Rac1
B RhoGEF
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Rho G RhoA RhoA
Rac1 Cdc42 (Zhou et al., 2008)  

 

RRho G TC10
 

TC10 Rho G Cdc42
Rho

TC10
 (Bodrikov, Solis, & Stuermer, 2011; Dupraz et al., 2009; 

Fujita et al., 2013; Pommereit & Wouters, 2007) G
GTP  ( ) GDP  ( ) 

GDP/GTP
 (GEF) GTP  (GAP) 

G
TC10  (Fujita et al., 

2013, Kawase et al., 2006) TC10 GLUT4 (Chiang 
et al., 2001; Saltiel and Pessin, 2002) AMPA  (Cuadra et al.,2004)
CFTR (Cheng et al., 2005)  

TC10
 ( 4) 8

 (EauClaire and Guo, 
2003) Exo70 (TerBush et 
al., 1996) TC10  (Inoue et al., 2003)

 (Fujita et al., 2013; Michelson et al., 2001) TC10
TC10

TC10 Förster 
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resonance energy transfer (FRET) 2
( 5) 1 TC10

TC10
K-Ras

2
EGF HeLa 0.2 0.4
TC10  (Kawase et al., 2006)

TC10 EGF Rac1 NADPH
 (ROS) p190A RhoGAP

TC10

TC10 TC10
TC10 Exo70

TC10
TC10

 (NGF) 
 (Fujita, Koinuma et al., 2013) ( 6) NGF

TC10 EGF Rac1-ROS- p190A RhoGAP
p190A RhoGAP RhoA GAP NGF

TC10 RhoA

 

ccAMP  
cAMP

 (Richter-Landsberg and Jastorff, 
1986; Rydel and Greene, 1988)

protein kinese A (PKA) Rap1 GEF
exchange protein directly activated by cAMP (Epac) 

 (Zheng et al., 1994; Piper et al., 2007)
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cAMP

cAMP 2002
Neumann dbcAMP

 (Neumann et 
al., 2002) cAMP

TC10
 

(Erschbamer et al., 2005, Tanabe et al., 2000) cAMP
TC10  

 
TC10

cAMP
cAMP TC10

TC10 FRET RNA
cAMP PC12 TC10 RhoA

PKA- Sif- and Tiam1-like 
exchange factor (STEF) -Rac1- p190B

NGF cAMP Rac1
TC10 RhoA 2

TC10 RhoA  
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FRET  
Raichu-Rac1 / K-RasCT (1011x) (Itoh et al., 

2002) YFP  (Leu-Asp)  Pak1 CRIB  
(Ser-Gly-Gly-Thr-Gly-Gly-Gly-Gly-Thr) Rac1  (Gly-Gly-Arg) 
CFP  (Gly-Arg-Ser-Arg) K-Ras
Raichu-TC10 / K-RasCT (1096kx) 1011x

YFP Venus ( YFP) Pak CRIB
POSH CRIB Rac1 TC10  

(Kawase et al., 2006) Raichu-RhoA / K-RasCT (1293x) Rac1
Pak CRIB PKN Rho

Rac1 RhoA  (Yoshizaki et al.,2003)
K-Ras  (K-RasCT) 

K-RasCT
 

 

RNA pSUPER-puromycin  
(Oli- goEngine, Seattle, WA) TC10 PKA

α (PRKACA) PKA β (PRKACB) Epac1 Epac2
STEF

5′-CTGTCTTCGACCACTACGCAGTCAGCGTC-3′, 
5′-GTGGTTTGCCACAACTGAC-3′ 5′-GGTTGAGGCTCCATTCATACC-3′  
5′-GGGGATCTGTGGTCTCATACAG-3′ 5′-GCCTTATCCCATCTTTCTA-3′
5′-GGAGCTGCCTTTCTCACTTTA-3′ (Fujita et al., 2013, Goto et al., 2011)
pCXN2-5Myc-p190A (Kawase et al., 2006) pAKAR3-3536NES (Komatsu et 
al., 2011)  pERedNLS-Rac1-S17N (Aoki et al., 2004) 
pCAGGS-Lifeact-mEGFP (Eiedl et al., 2008)  ( ) 

pFLAG-CMV2-p190B (Bustos et al., 2008) Jeffery 
Settleman  (Harvard Medical School) TC10 
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(205 ) cDNA
si-RNA pCAGGS
pCAGGS-mCherry-K-RasCT K-RasCT mCherry

 

 
PC12 10 5 FBS RPMI  (Life 

Technologies)  (Sigma-Aldrich) 
35 mm  (Asahi Techno Glass) 

 (Life Technologies) 
 ( ) Neuro2A 10 FBS

DMEM / F-12 + GlutaMAX (Life Technologies) 
HeLa COS-7 10 FBS DMEM
293-F  (Life Technologies) FreeStyle 293  (Life Technologies) 

dbcAMP PP2 Calbiochem
N6- -3 ' 5'-  

(6-Bnz-cAMP) Sigma-Aldrich 8-  -  -  - 
-2'-O- -cAMP (007) Tocris Cookson

 (Tokyo Chemical Industry) Alexa Fluor 488 Phalloidin
4',6-diamidino-2-phenylindole (DAPI) Thermo Fisher Scientific
Dojindo

anti-p190A mAb (1 1000 BD Biosciences) ; anti-p190B
mAb (G-11,1 1000 Santa Cruz Biotechnology) ; anti-GAPDH

 (1 1000 Santa Cruz Biotechnology) ; anti-TC10
 (1 1000 Proteintech) anti-β-tubulin

 (1 1000 ) (Arai et al., 
1988)  

RNA  
p190A p190B siRNA Life Technologies

p190A mRNA 25mer  (
) 5'-CCUCCCUGUCCAAAGAUCAUUCCAA-3 ' p190B 
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mRNA 25 mer
5'-UCCCAGAUGAUAGUCAGAAUCGAAU-3' PC12
Lipofectamine 2000 (Life Technologies) 
20 nM siRNA 72

 

IIn Vitro Spectrofluorometry 
48 293-F

FP-750  (JASCO) 433nm
 

 
PC12 pSUPER siRNA
2 μg/ ml 2 1mM 

dbcAMP 0.1  BSA 2 μg/ ml
RPMI 48 3.7

0.2  TritonX-100 3  BSA
1

Alexa Fluor 488 IgG
DAPI (1:1000 ) FV-1000 (Olympus)

 (neurite bearing cell) 
 (Nakamura et al., 2002)  

 
FRET PC12 0.1  BSA

DMEM / F-12 30 dbcAMP
 

(Sigma-Aldrich) Cool SNAP-HQ CCD (Roper 
Scientific)  (IX2-ZDC ) 

XY  (MD-XY30100T-Meta ) 
IX81  (Olympus) 1

FF01-438 
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/ 24-25  (Semrock) ; XF2034 (455DRLP) 
 ( ) 2  (  (CFP) 
FF01-483 / 32-25 FRET Semrock FF01-542 / 27-25) X-Cite 

120LED ( ) 60×
 (NA 1.4 ) 4×4
CFP FRET 200 ms  

(DIC) 50 ms MetaMorph  (Universal 
Imaging) FRET / CFP

FRET  

 
3.7 0.2  TritonX-100

3  BSA 1
 (Alexa Fluor 488

) 1 FV-1000
p190A p190B MetaMorph

K-RasCT mCherry
mCherry 2

5
3 10

1 2
2 3

p190 p190 p190
 

RT-PCR 
shRNA PC12 RNA RNeasy (Qiagen) 

Transcriptor cDNA  (Roche) 
cDNA Power SYBR Green PCR Master Mix (Applied 
Biosystems) 7500 Fast Real-Time PCR  (Applied 
Biosystems) PCR  (Nojima et al., 
2011)  
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GraphPad PRISM ( 5.04 GraphPad Software) 

ANOVA Dunnett Bonferroni
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PC12 Neuro2A TC10 dbcAMP
 

TC10 FRET cAMP PC12
TC10  ( 7A) PC12

TC10
K-Ras

cAMP cAMP
dibutylil cAMP (dbcAMP) FRET / CFP  (TC10

) 1mM dbcAMP 10  ( 7C)
TC10

Neuro2A  ( 7D) cAMP
TC10 NGF

 (Fujita et al., 2013) 2 TC10
NGF PC12

TC10 TC10
cAMP PC12 TC10

 ( 7A) cAMP TC10

HeLa  ( 7B 7E) 
COS-7  ( 7F) dbcAMP
TC10 TC10

dbcAMP TC10
TC10

TC10
 ( 7G) TC10

dbcAMP PC12  ( 7A
8) dbcAMP HeLa

( 7B 8)  
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ccAMP TC10  
cAMP PC12 TC10

TC10 pac shRNA
shRNA TC10

shRNA RT-PCR
mRNA

TC10 70 ( 9A B) shRNA
dbcAMP 48

shRNA PC12
dbcAMP 48  

( 9C) TC10 PC12 cAMP
 ( 9D) 9H

dbcAMP
63 TC10

7 shRNA TC10
 ( 9E 9H)

 
TC10 TC10

TC10
TC10 PC12

TC10−Q75L cAMP
 ( 9F 9H) TC10 GTP

 ( 7) cAMP
TC10 TC10-T31N TC10

 ( 9G H)
Exo70

 (Fujita et al., 2013, Kawase et al., 2006)
cAMP TC10 GTP NGF PC12
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ddbcAMP  TC10 PKA  
dbcAMP TC10

cAMP cAMP
PKA Ras G

Rap1 GEF Epac
PKA cAMP 6-Bnz-cAMP (Christensen 

et al., 2003) Epac cAMP 007 (Enserink et al., 2002) 
6-Bnz-cAMP PC12 dbcAMP

TC10  ( 10A )
6-Bnz-cAMP FRET / CFP dbcAMP
86  ( 10A ) 007 TC10

PKA Epac
PKA Epac shRNA

 (Goto et al., 2011) PKA 2
PRKACA PRKACB dbcAMP

TC10 ( 10B ) PRKACA PRKACB
FRET / CFP

30  ( 10B ) Epac1 2
TC10

PC12 dbcAMP TC10 PKA
 

EGF HeLa NGF PC12 Rac1-NADPH
-ROS-p190A TC10  

(Fujita et al., 2013, Kawase et al., 2006) cAMP  TC10
NGF
ROS TC10

10C cAMP TC10
Src

PP2 PP2 dbcAMP TC10
 ( 10D) dbcAMP TC10

NGF  
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PPC12 Neuro2A RhoA dbcAMP
20 30  

cAMP TC10 GEF GAP
cAMP RhoA RhoA FRET

TC10
 (Yoshizaki et al., 2003) PC12 RhoA

dbcAMP 20 30  ( 11A C) RhoA
Neuro2A  ( 11D) cAMP

RhoA TC10
dbcAMP

RhoA HeLa  ( 11B E)
COS-7  ( 11F) dbcAMP RhoA

RhoA
GAP TC10  

cAMP TC10 RhoA p190B
 

p190A RhoGAP ( p190A) p190B 
RhoGAP ( p190B) cAMP TC10

p190A NGF TC10
 (Fujita et al., 2013) p190B p190A

p190A
(Matheson et al., 2006) GAP TC10 RhoA

Raichu-TC10
293F p190A p190B 0.5 1 1.5 g

FRET / CFP RhoA
12 p190A p190B Raichu-TC10

Raichu-RhoA FRET / CFP
p190A p190B TC10 RhoA GAP

 ( 12) p190A 190B cAMP
TC10 RhoA p190A
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p190B siRNA 2 PC12
siRNA

p190A siRNA-1 p190B siRNA2 80
 ( 13A

B) siRNA cAMP TC10
p190A p190B p190B

TC10 60
 ( 13C) p190A TC10

TC10
p190B dbcAMP

TC10 GAP
cAMP RhoA p190A p190B

p190B RhoA
52  ( 13D) p190A

RhoA
cAMP TC10 / RhoA p190B

dbcAMP p190A p190B
 ( 13E F) dbcAMP PC12

p190A p190B dbcAMP
p190B  

pp190A p190B dbcAMP
 

dbcAMP PC12 p190A
p190B siRNA

PC12 dbcAMP 48
 ( 14A ) p190B PC12

 ( 14A ) p190B
p190A cAMP (

14A )
 (14B) dbcAMP 70

p190A 27 p190B
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16 dbcAMP
p190A cAMP  

( 14) TC10 RhoA cAMP p190A
 ( 13C D)

p190A p190A p190B
p190A

p190B cAMP  TC10 / RhoA

3 F-
Lifeact-EGFP PC12 dbcAMP

48 F-
 ( 15A B)

CO2

p190A

p190B
dbcAMP

p190A F-
p190B  ( 15C)

dbcAMP p190A RhoA
p190A dbcAMP RhoA

p190B RhoA
 ( 15D) 13C 13D

p190A cAMP TC10/RhoA
cAMP TC10 RhoA

p190A p190B
p190B dbcAMP TC10 RhoA
p190B dbcAMP PC12
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ddbcAMP TC10 STEF Rac1  
p190B PKA PKA p190B

13F dbcAMP p190B
Bustos Rac1 p190B

p190B
p190B  (Bustos et al., 

2008) Rac1 Rac1-N17 dbcAMP
TC10 16A Rac1-N17
dbcAMP TC10
Rac1 GEF STEF PKA

STEF dbcAMP Rac1
 (Goto et al., 2011)

PKA-STEF-Rac1-p190B dbcAMP TC10
shRNA ( 16B) 

STEF dbcAMP TC10
 ( 16C) PKA-STEF-Rac1-p190B  ( 17A) 

dbcAMP TC10
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cAMP TC10

RhoA PKA-STEF-Rac1-p190B
TC10 RhoA

F-
 (i) cAMP

PC12 Neuro2A TC10 RhoA
cAMP PC12

TC10  (ii) dbcAMP
TC10 PKA  (iii) p190B

cAMP TC10 RhoA cAMP PC12
 (v) dbcAMP TC10 STEF

Rac1 /
 (Pfenninger 2009; Wojnacki Galli 2016) 

cAMP-PKA - 
STEF-Rac1-p190B-TC10 / RhoA ( 17A) 

 
cAMP TC10

STEF p190B
STEF  

(Hoshino et al., 1999) p190B
 (Matheson et al., 2006) STEF p190B

TC10 RhoA
PKA-STEF-Rac1-190B

HeLa COS-7 dbcAMP
RhoA TC10

cAMP
PKA RhoA  (Qiao 

et al., 2003) PKA RhoA
RhoA PKA 188

 (Lang et al., 1996) RhoA GEF
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GAP RhoGDI
RhoA  (Ellerbroek et al., 2003)

RhoA K-Ras
RhoGDI  (Yoshizaki et al., 2003)
RhoA 188 RhoA GEF

GAP PKA TC10
TC10 PKA

PKA TC10
cAMP TC10

TC10  
p190A p190B cAMP TC10 RhoA

p190
p190B Rac1

p190B GAP
 (Bustos et al., 2008) Ponik 

p190A p190B RhoA
Rac1-GTP p190B

 (Ponic et al., 2013) PC12 cAMP RhoA
p190B

GAP cAMP RhoA
p190B p190B

30  (Sordella et al., 2002)
 

(Matheson et al., 2006) 2 p190
(Matheson et al., 2006, Brouns et al., 2000) p190B

p190A
(Matheson et al., 2006) p190A p190B

p190A
p190B

p190A p190B  
NGF TC10
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Rac1-NADPH -ROS-p190A
 (Fujita et al., 2013) cAMP TC10

PKA-STEF-Rac1-p190B

Rac1 TC10 ( 17)
Rac1 TC10 NGF cAMP

NGF cAMP Rac1
Rac1  (Heasman & 
Ridley, 2008) Rac1  (Hodge et al., 
2016) cAMP NADPH

 (Burkey et al., 1993)
cAMP Rac1-p190B

Bustos Rac1 p190B
 (Bustos et al., 2008) 

Rac1-NADPH Rac1-p190B

 
TC10

( 6) cAMP (
8A 9) TC10

TC10
HeLa TC10

 (Kawase et al., 2006) NGF PC12
TC10  

(Fujita et al., 2013)
TC10 GEF

TC10 Kawase GEF TC10
(Kawase et al., 2006) GEF

TC10 TC10 GEF
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TC10

TC10
 

TC10 GLUT4  (Saltiel et al., 2002) 
/  (Dupraz et al., 2009, Fujita et al., 2013) 

 (Mayer et al., 2013) 
TC10

TC10
TC10 FRET

TC10  (Fujita et al., 
2013, Kawase et al., 2006)

TC10
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