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The Ras superfamily of small G-proteins acts as a molecular switch on the intracellular signaling
pathway. Upon ligand stimulation, inactive GTPases (Ras-GDP) are activated (Ras-GIP) using guanine
nucleotide exchange factor (GEF) and transmit signals to their downstream effectors. Following signal
transmission, active Ras-GTP become inactive Ras-GDP and cease signaling. However, the intrinsic
GTPase activity of Ras proteins is weak, requiring Ras GTPase-activating protein (RasGAP) to effi-
ciently convert RAS-GTP to Ras-GDP. Since deregulation of the Ras pathway is found in nearly 30%
of all human cancers, it might be useful to clarify the structural and physiological roles of Ras
GTPases. Recently, RasGAP has emerged as a new class of tumor-suppressor protein and a potential
therapeutic target for cancer. Therefore, it is important to clarify the physiological roles of the in-
dividual GAPs in human diseases. The first RasGAP discovered was RASA1, also known as p120
RasGAP. RASAL1 is widely expressed, independent of cell type and tissue distribution. Subsequently,
neurofibromatosis type 1 (NF1) was discovered. The remaining GAPs are affiliated with the GAP1 and
synaptic GAP (SynGAP) families. There are more than 170 Ras GTPases and 14 Ras GAP members
in the human genome. This review focused on the current understanding of Ras GTPase and RasGAP

in human diseases, including cancers.
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Ras superfamily small GTPase= A% &%) 2= Hh-&
sto] FE&A7E ASHYE 1 AT E wol Al F4, AE
9 232 243E 71%5E 7HA I ATH89, 205]. Ras super-
family®] 43t small GTPasew @A71A] 1704 Fo] L&A
slom 1oopue it A FEA B 715 FAE Al uhet
571¢] subfamily® UH=H 7|9 & Ras, Rho, Rab, Ran
2 Arf7}F TH38, 40, 150](Fig. 1A). Guanosine triphosphate
(GTP)%} Adsto] S & &, dA AZto] 329 A7)
Ap2lo] AU §lE GTPase B4 o3 3= GTPE GDP
Z bRt 222 BEEA43 due Ho A= hetero-
trimeric G-protein®] a-subunit®} 7154 22 v]$- fAFst
Ras superfamily small GTPasew @A 24 a-subunit®+
44 g G dolth Rase FEAERH ASE Hod
710l Agstal QY GDPE Welal GTPE ot 243k

*Corresponding author

Tel : +82-31-539-1853, Fax : +82-31-539-1850

E-mail : jchang@daejin.ac.kr

This is an Open-Access article distributed under the terms of
the Creative Commons Attribution Non-Commercial License
(http:/ / creativecommons.org/licenses/by-nc/3.0) which permits
unrestricted non-commercial use, distribution, and reproduction
in any medium, provided the original work is properly cited.

t}. 843815 GTPase (Ras-GTP)= E37|2 #&3}a] 1 37
Z g2A43E NS E Uy B, ARto]l Aud Adstal 9l
d GTP7} GDPE 3= W &4 Eo] 2add A8s
HEFe AZW 24 29 A (molecular switch)Z 2H&3}1
Atk T FEAE T3 AFE wolx EFA Y Ras-GDP
7} &4 39 Ras-GTPE O E AsltdE wo& AZUYY gua-
nine nucleotide exchange factor (GEF)2t= @ 2 o] RasZ
3o 2 GDPE W21 GIPE #3 =% 8| ZUh(Fig. 1B). GEF
o] 93 BA3 Y Ras-GTPE &7 & 2Hg3te] 1 8179
Raf-MAPK 7 29} PBK-AKT 222 42158 #g3iA doh
[24, 34, 61, 116, 148](Fig. 2).

Ras-GTP7} Ras-GDPE A& wjo]= Ras &2 A4 7}
GTPase &4& 7k 9lolAl GTPE GDP$} PiE &3 3}
A At 239U Ras GTPase] &7 o] v F3lo] GTPase acti-
vating protein (GAP)9 E&& ©ETH17, 54]. A small
GTPasett= BA2AXNE GEFZE02 Q3] #A I (Ras
-GTP) GAP9| #-§ 0.2 Q18| AAA HthRas-GDP) (Fig. 1B).

BadAe 71Ed dEH 57 subfamilyol 43} Ras
GTPaseE 9] 983 7|5& €olR o] & M3 RasGAP
BAE HAY A7Z2HRES AAY Eye BEFE ¢
T2 3o 9ottt E35) AUzt Alm 24 AF 39 14F
9] RasGAP #7-E0][12] RasGAPY 9 o] 9o &
¥ A A (tumor suppressor) 24 <] e A 7]
Aes AN AFAFLEE 27T
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A Ras superfamily of small GTPase
RAS RHO RAB RAN ARF
H-Ras RhoA Rab1 Ran ARF1
K-Ras RhoB Rab2 ARF2
N-Ras RhoC Rab3 ARF3
R-Ras RhoG Rab4 ARF4
Rap1 Rac1 Rab5 ARF5
Rap2 Rac2 Rabé ARF6
RalA CDC42 Rab7
RalB Rab8

Rab9
Rab10
B
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Fig. 1. Ras superfamily small G-proteins and GTPase cycle. (A)
GTPases of the Ras superfamily represent more than 170
proteins involved in the control of cell proliferation and
differentiation. According to amino acid sequence ho-
mology, they are grouped into five subfamilies: Ras fam-
ily, Rho family, Rab family, Ran family and Arf family.
(B) Inactive GDP-bound small GTPases are activated by
GEF, which promotes the release of GDP and allow its
replacement by GTP. Active GTP-bound small GTPases
transmit signals to its downstream effectors until they
become inactive GDP-bound form by the aid of GAP.
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Ras superfamily®] #Z

Ras superfamily #4229 % & subfamily@ 2 1 7|7}
oFzb th2 U th7) 20 kDa WY 9 EAF S 742 & &4
o] T}[183, 211]. Ras GTPaseE & S0 ¥ 5719 G A2
7FA 3 9l o o] ¥-9)= GDPY GTPe AH Aqste 59
o] th(Fig. 3). o] % G28} G3%-9) ol = Switch 17} Switch 117}
A= o] #9+= RasGAPH AH Adste F9olt. 4z
10714 9] ofm) i ibEo] GAPRH A3 Adsto GTPE 23l
sted e A "TH38, 40, 150].
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Fig. 2. Ras effectors in receptor tyrosine kinase (RTK) signaling.
RTK-activated or point mutation-activated Ras interacts
with its downstream effectors including Raf and PI3K,
which is composed of p85 and pl110. Ras-Raf pathway
promotes cell proliferation (tumorigenesis) and Ras-PI3K
pathway promotes cell survival (apoptosis).

RasGAP@ ¥ A% 3142l Ras p2l protein activator 1
(RASA1)2 78994 ofm =4kl o} 2719 zH7](Arg-789)7}
p2lras®] GTPase &7 F-l o BaE0A 61HA ofw] 4kl
7B (GIn-61) 2.2 3t 5 GTPase 4= %

Ako 2 E¢io]7} 5 RasGAPo| AU 2 7%5& &1A £3}
A Ho] Ras-GTP e 24 2927 A7 A7t A& A
FAHTS3, 4, 163]. o] 2ol= 1281 2 13 & ofw]4to]
Edwol7} dojyd RasGAPo| 24317 %31A ®Th[146,
147]. @ARA AzEE] AL Je ZE &Y 30% ool
p2lras ol 7] Slgol ddAHOE Y 11
Foll Al 98%7F G12V, GI3E % Q61Le] & wolel 2o s &
314 Th16, 89, 146, 147]. wekA, 9 Al ¢ S2F I =
(hot spot codon)ell Tt A -G thA7F A3 Bag Aol
g & Aok 28 oA HZo| A RasGAPY| A
3HA 7)ol tisk A7 e A led AA LA
T RasGAP9| 4%<1 NF19] A4o] dojuf g At
A& RasGEF9] ¥%<l mSOS #Y wdo] doju} 9o
Q1 HATHS, 124, 171, 216]. o] & & A EL EF Ras 29
A7t AA L AA e A AHAQA ] doke AS A
3t o] A2 & RasGAP®| tumor suppressorZ Al 283}
Ate A7 "ok

npA et o 2 7t 2 B A] Wik EA sk CAAXE Ras @
Ho| Nxete] e u AL8-H = prenylation H$] 24 Ras
G A 3 v A Ho] FHAES sk F9 oI tHFig. 3). Ras
¢} Rho subfamily small GTPasew C-Zdo] 257 CAAXE
Ey= (C= Cys, A= alipathic, X= any amino acid) W 9|
Cysol A4l Fo|EAb Agete] W
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Fig. 3. The structure of Ras small G-protein. Green indicates the G domains (GTPase domain from G1 to G5) and purple indicates
the C-terminal hypervariable region and CAAX, which is lipid modified and governs membrane localization. Switch I and
Switch II are regions that bind with effectors, such as GAP.

Ras superfamily2| 42|ty 7|5 ¥ S

Ras subfamily

Rast Rat sarcomaZA] Y8 K-Ras, H-Ras & N-Ras?| &
AFo] BHL o) FAMA BT 36Tl THAHAHS,
144, 169]. ©] % K-Rast= Hl &M EA #4(20%), 214 (40%)
o 3] 4H95%)o A 12, 13, 611 ofp]ske] Eelwo] 7} WA
5 ATH16, 40, 69, 81, 89, 130, 146, 147]. N- ¥ H-Ras®] =4
oo o3 ¢ w¢ WA yehdt

AFNA M 2 487 Ras A 5AdE FEE 24
A} 48 (epidermal growth factor receptor; EGFR) E] 24!
4tk & 4ol th[152]. EGFO| A=l o) 2434 EGFR
RasGEF¢?l mSOS (mammalian homologue of Son of
Sevenless)E &4 A 7]=H o] GEF ¢ do] 22443} 3
B = EA3H Ras-GDPE 243 <) Ras-GTPE A&7
B4 3LH Ras-GTPE 378 2838t NFAE A9 vt
2 ot Fo] HAste BeY F Y NsHE ARE ol
A& &% < Rafe phosphatidylinositol 3-kinase (PI3K)E
24 3} A 7131, 148](Fig. 2). ¥ A, Raft Ras-GTPel <3}
H7HAQL QIS Hhg-o] dojuAl HHA EAJstHo| 1 &F
¢] MAPKK (mitogen activated protein kinase kinase; MEK)
¢} MAPK (mitogen activated protein kinase, or ERK)7} 2]
Z Qatg HuA 843tHo 7542 MAPKI} 8 £0
Z S97FA cFos U cJundt 22 AAEZAJAAES B4
NA o524 Foxe] Az Gl 44 A3 dAA7}
YojUE = F=30}H139, 184, 190, 199, 229]. o] 9= HWAH =
Ras-GTP= Al 2% A o] FF < FA3L 1+ phospha-
tidylinositol 4,5-bisphosphate (PIP2)<] o|=A1& 19| 3H
B YA E E OA A48 AA phosphatidylinositol 3,4,5-
trisphosphate (PIP;)Z H&AAF= E49 PBKE A4 2
A8k A AFTH155, 156]. 24 3H¥ PIBKE phosphoinositide
dependent kinase 1 (PDK1)< S} AKTE &4 3} A1 71 T}[28,
138, 186]. AKT+E protein kinase B (PKB)2t1.% ¢t} 43}
¥ AKT (PKB)= Mz A& A5 g Agsterl ojA v¢
%938 T2 02E Bad9 Bl-29) HES FAAZ R
W AL GHAE FASA 8 £04[57, 121]. AKT (PKB)7}
AAE AEZF7E 7Y A5E Lo AE 57t AdEo
A 3 o] A A (apoptosis) 7t oivHAl BrkE Aol ¥E A ok

[121, 186].

et Rase A E9 413 A4 215374 23 Raf-MAPK
AES} YE NSHES PBK-AKT A2 ZFd QlojA =
T AR E FE3e v 8¢ 7S 7HA gy o)t

Rho subfamily

Rho+ Ras homologous protein® 24 A Ez&2 T Al
delo] A MEFY] 24 dWA g FHE 2
RhoA, Racl 5 CDC42 5 @A74A 23F0] B84 A2
204]. HZol 940k Rho B A S ¢t} Agto] 9l
of Yo A1 ot oref WA AT A
o7 ¥ Yi161].

Rho subfamily GTPase% &l 1 7|50 B A WA o
223 gl& g Ao] Rasrelated C3 botulinum toxin sub-
strate 2 (Rac2)¢]t}. Rac2& Racl@ e THE2A ZHEA Z A
e T AZSoAT SojH o2 HHE T 9lon A
X AENTqA AKT (PKB) AE2E Zodty B H o
[179, 194, 219]. &, Rac2-GTP £ 47} PI3K-AKT 25 &4
SANAFE 23712 AEde Aotk BT U, Rac27t =
ob2E HITA ZA M= 97 A5E 7+ 4§ AKT (PKB)9
G437 F2HA E%oH Bel2 family?l BAD9} Bel-XL9|
THo] Fds Faste] Az Aol FXETE A o]
U8 A TH219]. o] AR S F A2 2HRA LA E Rac2 ©
Hgo] A5tHH Rac2-GTP7k AKTAZE SASAA F2
24 Az e FANAFE T2 9L 3t U+
< AARET o] o] H o= BhA 49 W 8 W (chronic mye-
logenous leukemia; CML) %] &9} ## 3t} &dek A7} 7
P ded I olfre CMLEANAE fully activated
Rac2 &, Zetdyo} A E 71 d 24+ 27 243 3
Bj 2l Rac2-GTPEH & EAdthe Zlo] Wi a7l Wil
[179].

o] ¢l = Racl? Rac2i= &78 44 F(reactive oxygen spe-
cies; ROS)] A4 ol #f3t= NADPH oxidase (NOX)<| &
AE 2Ad0T dHA S0l A Es] A7t AP Fol
t}76, 135].

Rab family
Rabt Ras-like proteins in brain® ZA @A 717 61% 0]



WA Qlth182]. Rab subfam11y°|] ME & & F &, Rab8A
(Melol 2% o] o] & 74 WAF 4-$ NIH3T3 Aﬂgoﬂ
AN PAAE Hs By wz— TH182]. ©] subfamily= F2 &'
o g4, v % A 22 &£ F(vesicle trafflckmg)ﬂr
dHst] AT QQ% ’5‘% A2 d#A Utk Rab
GTPasex= A 3 FA ol o]zl A= ©
21 Z} Q"] golf& 7—1@' Qo 28 A= dHE A

d AAE CEHo| EAFE &
Xy 017]/‘1§ ot & 9, Rabld =7]A (Golgi
body) Stell EAI3FHA A ZEA (endoplasmic reticulum) ol 4]
7| AZ Gl A o] Fo] gttt o]o Hla| RabSe A=
% (endosome)etell EA3tHA M EY F 9 (endocytosis)l
A 3143, 165, 173].

A

Ran family

Ran subfamily GTPase= Ras-like nuclear protein . A]
gl o] & £0 729 Foolt F& oA AEHEES Tl
o &9 #qst 912H Rab familys} 1 opvx4k A E
o] YR $A4H3Ho] Rab subfamily= ERIE Bt 8 &
o A3+ Rane FH GAPo| & &o] £4)5t= GEFY
93] £ Ran-GTP JHZ &A= AL 2 Y3 AU Ran-
GTP< importin} exportin®|2t= &3 23 A sl 3 <t
02 5o 9 yoz wude o BTG W3t B4
wj o = importin? A ¢ ¢ Ran-GTPe] #A 3= A2 &
A 9l TH29, 201, 210].

_V.BL

Arf family

ADP-ribosylation factor$l Arf Rab subfamily$} 20| 4
gol ol #osta glaol W Hetl adolsole Arflol
7H A dHA g 24U Arf-GTPE 4248 A5+ 4
A il ds & Agee Aoz SEA T8, 145, 173]. Arf
T3 AT FAY Az = #3149 T} 2 GTPase
© 29 Arfe AFuo] Aste W F97F CEE
Aol ofYi N-Zeke] myristoilation §97F $Ath.

rf£ 53] phosphatidylinositol 4-phosphate 5-kinase$}
Agste] SN OZHA JAAA QAHAE 2-3TT &
HA TS, 86]. =3 43t Arfl#} Arf67} phospholi-
pase D (PLD)E A SJANAXN Az A5ddS 2ddga
FeIA 7= A9

RasGAPQ| MzZ|sty 7|5 ¥ §3

AF7HA AFE small GTPaseE 9] 714 & &4 5 shue
o] g0l AAMAH SR AYI & GTPase E4 0] U151} 7o
E}E}L Holt}, &, 9 A5 AT upet GEFll 93] &4 3}

¥ Ras-GTP& AZto] AUHA Ras-GDPZE THA] 7 35 of of
sted I AA S GTPase @4 0] Plekste] 1Y & =9
o) g Fo] ¢lom Ras-GTP EAAEN7} A&t AL
A Asddo] FrEH O P& B A&t &4
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5t A5 E W HujA Bote Aotk bl B8, #4294
ARFR AL G F 2 29AF Ak dhed 22
AAE & Yol e Aolth. ool o =5v7}
GAP©| T}, RasGAPo] =912 #4384 GTPE 7t4+

el Ao gk A ]3]l = Ras-RasGAP &34 <]
W AA AZE AL Bofok & o TH163].
&+ p2lras % Ao 12,13 2 619 $A 9 HEA
ShE o] 5 7R A X Qtell A GAPHHE S| A

i on

MUy g o>
lyzmlm

oxl

=
)
8 ARtk
F2E W

A7

o ¢
A %7] v &l Ras-GTP7} A4 A 43 A
I A Ras-GDPE A=A X3t A7le ¢olt.
T2 FH9 & RasGAPO| tumor suppressor® T Q.
21 Qe I ojfe vE EFHEAY 42 YA =
AWl RasGAPo| b LAHSN7] HE OlE}(Table 1).
A 4H 3 GAPE AFTEY A9 B AZgA
E31HA ok E 9| Ras GTPasedl| 9|3 7M-E &
EXANA FU E9WolY Rasolle A 24347 &=

&2zl pl20 rasGTPase activating protein (p120
rasGAP)OIEP[lSO 189]. o] & & X M EQI Saccharomyces cer-
evisiae [178], Schizosaccharomyces pombe [197] 2 Z 3} <
Drosophila melanogaster [66]°1 A = 1T EA 7} B A A =3
o ZAHE BEE pl20 rasGAPS 1 3 =E(ORF) ¢tol oF
330~3407) ojv]:=Ato 2 FHEE GAP 99< 7HAL Qe
AOZ W o] GAP @Yo] p2lras B el AH A
3te] p2lras®| GTPase @4& ZAAA Fv Ao=E W4
TH163]. o] @ AL AP Aol GAPlt HHH AL
U o] 3¢ p120 kDa GAP -2 p120 rasGAPe| &1l &8 t}7}
Aol &A= Ras p21 protein activator 1 (RASAN) .2 R 2
i Y

RASA1

RASATL 120 kDa #4%S 74 B d 24 C-2dd 9]
Adte GAPE Y oY= N-2T o Thekg gl d s

AGE 4 e Y99 src homology (SH) 2 & 3 ¥ o] 2+
A ek A &s 2@, SH3 Feol 1 FF el F )9 SH2
@Y o =8 Aol ATk(Fig 4). SH2 99 v @id
o itstd g2 7)ek Adsts F-910lal SH3 ¥9 &
ZEHo] FHT ofrat A B9} At I
SH 993 GAP 99 Atolol= RASATe] %9 IAZE F
phosphoinositide (P)¢ 2% < $1& pleckstrin homology
(PH) 9937 2 99& 7141 Ath(Fig 2). WekA GAP 99
ojgle} o2 Y9 50| At RASAIE HEZOE o F
AN 5 A djFoA gold O 75 FHE ALE oF
Aok o & 9, RASATY 27|14 EA3h= SH2 G 92 EGF
&2, 41, 123] 2 platelet derived growth factor (PDGF)
TEA[60, 63, 0|9 2L FEAY HEA d4FEL
(receptor tyrosine kinase; RTK) &©] &89 259l o3 &
79143} (autophosphorylation) ¥ o] =84 A1 E 241

{0
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Table 1. RasGAP-related human diseases

RasGAP Mutation Disease Feature Ref.
RASA1 Inactivating mutation =~ CM-AVM Autosomal mutation [15, 59, 117, 153, 154]
Depletion by miRNA  Pathological angiogenesis Abnormal angiogenesis [6, 103]
melanoma, colorectal carcinoma p21 Ras activation [48, 175, 177]
Reduced expression hepatocellular carcinoma Down-regulation [37]
NF1 Inactivating mutation ~ Neurofibromatosis Autosomal mmtation [32, 87, 125, 188, 193]
NFLS Autosomal mutation [107, 128, 141, 172]
RASAL1  Reduced expression Cancers Multiple cancer types [27, 83, 94, 137]
Kidney fibrosis Reduced RASAL1 expression  [11]
Thyroid cancer Silencing promoter methylation [110, 217]
RASA2  Inactivating mutation =~ Melanoma Loss-of-function mutation (71
& reduced expression
RASA4  Reduced expression Breast cancer Knockdown [206]
SynGAP1 Inactivating mutation =~ Mental retardation Truncated mutation [72]
Autosomal mutation [72]
RASAL2  Inactivating mutation  Breast cancer Promote metastasis [64, 127]
& reduced expression
DAB2IP  Reduced expression Prostate, lung, breast Negative regulator [35, 36, 55, 56, 129, 198,

SNP

& gastrointestinal cancers 221]
Gastric cancer Down-regulation [176]
Prostate cancer Aggressive [58]

A717F QakstE® T R9jo] Ao 24 RASALY] BHo®

o537 At &
& Az
wud 2

Al A

3 PH 993 Q299
A" A%AA Fv. PH

24 vre) P} U2 BAT AR deoz

2] E4)3e] RASAL
99 e ool Agae

o T 1

A AnE3]. Q2 92 A Lt At ol QA
A3} Agstes 9oz B ou47] Ao oM 2ed

A3 AR
91 TH223, 224].

gt 9 g Foll=

fe ASE e os

7 o] 97 Yst A

b= AN T B A

A 742 RASALY Zgdcia &y o
ol &= AKT (PKB)#} annexin A6 5©] $TH140]. RASA13} 4

Ras 4134 29} A3 #A 7}
FoA Fold Zo] HLE pl190

RhoGAPL.Z 4] o] ¥4 2 Ras superfamilys o Rho sub-

family GTPase?! Rho® GTPase &4 =%
A TH99, 185]. &
%3t RhoGAPH A=

77, 157].

RASAl0l ZAgd A gobe= v HAES AZE F 102
ojufe] XA stk B EATH74, 102, 104]. Bt HHE
}A 08 F33 A0 R Yy o
o Hla) AA7 B YA RASALS AASY
AAH 02 Vet o 104], 1 thAle] PZHe) 79
(chylothorax)& &3 71 & BZ#R
e E4ol dojuA Hol A5 fruvh FH WE F2

5 F A 319 TH104]. RASA1S] AAAE &34

Ad) 2y @] gy

rlr oo o rlo

Aol &

of AojutA FrF

2 44

A Z ¢toll A RasGAP9| SH2¢} SH3% &
Ag3tths AFd o] B A 9lTh23,

PN e,

t‘é
0]

oy
F_R_'fﬂ,r_o;:oi

]
=
=

O EE d# ofFE 2t A7]dA CM-AVM [RA|
8 7] ¥ (capillary malformation)¥} 574 # 7] & (arteriovenous
malformation)]©] B8] 1 TH[59, 103, 153]. o] &3 AW & 713
$ASE Fxd 7ol GA BF fulF S-S HEY
SO0, 117]. ©| 2 Ho} RASA1S 3ol Pz el A3
T T8 4TE ste Ao ddEdoy 1 4%
HAYES obA7HA A %3t MicroRNAE ©] &
Ao A7l oot AN EZI A A A (proan-
giogenic growth factor)ol Z3te AfrotAE AZAA
(fibroblast growth factor)& A& 7§, RASA1 2717 =o}
£ AR A BRI FIHgThE A o] Bre HThe]. F,
microRNAS! miR-1327} RASA1 mRNAY| 2 < #=& 7
¥, RASA1°] A5 d3 Aol S7FskSlal miR-1329]
AYAE A4 76“?—°ﬂb 8 Aol AL FEe A7)
7 @AY Eolte @4l AFAA BEHAT 6]
RASA1S “/‘4«] THZAME RasE AlstH =
o AEL ZANIE AR B AHT105]. =
Ve

7‘__1/\
hvy

mﬂri

7]

o ot m

3k TH

& RASA19|

d A (melanoma), ™% ¢} (colorectal cancer) ¥ ZHA

¥ ¢ (hepatocellular carcinoma)E 23t tH[37, 176, 177].

O 71 RASA13 NF1o] SAlo] 248 TAZE 3498

o] HFAFATH115]. A ATEAFER U3 RASA1IS AE

A2 AA A tumor suppressor=A 2833l §l5-o] &l A
Al E At (Table 1).

o

ok m[o

o
-



Neurofibromin 1 (NF1)

A7 € 13 (neurofibromatosis type 1)ellA &2 &
NF1 fr22ke] 2k& <l neurofibromin 1°] GAP ¥ %< 7441
A= Aol B A8, 122, 124, 216]. NF1-S AHA A 718 Bol
A8 RasGAPel Al & & 9t} NF12 320 kDaoll @3t
Adl B2 @ dolm GAP ¢ ol secl4-PH €9 < 7}
A1 9lth(Fig. 4). GAP 992 HA NF1 &4 °F 13%¢l
Pt ng o Bl d e RasGAPo| 99 thE 7]%5& 7HA
A& AOE FZHT secld-PH ¥ ¥ glycerophospholipid
oh Aat=d ol A 9A o A Adste d9ow Uy
7 glth[46, 203]. Sprouty-related protein with an Ena and
vasodilator-stimulated phosphoprotein (VASP) homology
(EVH) domain 1 (SPRED1)°] NF1& %O & o]F A #HF0]
Ras proteing 2848 A 71tH174]. SPRED1¢] EVH % ¢
NF19] Sprouty®] N-Z& 3 H 5O & gof| ksl caveolin
lolgte 9 ©d s} Zo] SPRED-NF1 E3A71 42 &
AEE =0

Neurofibromin& e} A7 A o FH3tt o] 9o &
Ao M= YA EAsts & ot Neurofibroming
sk obplioitol 281870y = =Hl | GAP 4 & 7H3l
9 34070 obv] At 2 ER HTo| YeA Fo
g 715S Lobry] ste} 292 E ol §ste] A7E A
NF1 &7 ¢tell cAMPE A *Pﬁ}h obdl d At 123} 8 4 (ade-
nylate cyclase)& Z43HAA F ol ol FAHUT
[70, 181, 191].

NF1 384+ & TR FAM THE B E
Aol S Hols f44 F studdl 1 olfre FATL A
T+ 37 gEL Ao A %‘:H] 41}7} vy 27 g
ol NF19 deojid EdHels
= SFA T obA kA Ras FAA4 12, 3 g 61JJr e hot
spot EdRolE B AA &t o exon3, 5 ¥ 279 A
Ao} Wol dojuta ke Aol ZAHUTH1]. NF19]
AAHH A Ad g5 FA, 24 o] 2 gg #3 5
&3 Bl fle FHol YE]

166]. L# v+ NF1 3 Aol 243

Ao AAolu A7 £33 GA ol A ‘?’iﬁéo] dojpa Ao
= A4 FF 13 (NF1; £3] von Recklinghausen % ¥ ]
Bix %JE})Ol S THBY, 125, 188, 193], A A4 §% 139
TR} EE 97417 A #F (cutaneous neurofibromas), 2 3
7 3 ¥k 4 (cafe aulait spots), /& A4 41+ F (plexiform neu-
rofibromas), % 4173 2L F(optic nerve glioma) ¥ o} B &
AW 8 (juvenile chronic myelogenous leukemia) 5] 1
o 99 BE d7AFE2 NFIo] ™2 <3 a’é‘ﬂ%
A ZY 9 Ras-GTP FFo] A F7tste] 1 atiel 9l
MAPK$} PIBK/AKT 4 27} 843850 dte A S
o FATH10, 51, 85]. WekA NF1©] tumor suppressor® &

{—E rlr
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of

P &S & 4 Sith(Table 1).
NF1 24 Sg¥olz opld #oF WHEFA9IH
(CML) &A-52 2 RA 29} JZ 75 A7 ste] FH -0
Az Z2Y A5 AA(granulocyte-macrophage colony-
stimulating factor; GM-CSF)E # 25} Ras &4 3}9} Al £
Ao S717F fr=dTh14, 106]. ol Al @A o r FH s}
7] 3 A7 BHE ol &3t "F‘;’ﬂﬂi’ir/}. ZYEA ol
o5 0 NF1& A4 AY & NFlo] 249 2¥x
A EE B3] Al ol 4stAY, &2 A A3 A NF19|
< EF Addds "ol frol SN e

JCMD)el A Udetue S35 40 #dd 2859
TS 13k TH14, 68, 106, 108].
Legius % (Legius syndrome; LS)& 3] 5o oA
R o] A7]=d o] 212 NF1°] A2 A-5stA X3tk st
o A7BAFE 18 FASF T (neurofibromatosis typel-like
syndrome; NFLS)2} & @T}[21, 107, 128, 141, 172]. ©] & &
& AAM Lo A SPREDL f14 dAl 2 = do] 2 A3t
of SPRE o] EAsHA XA Hol L A3} NFI& AlZHe
2 ¢F AFA FeHA Hof 0101"“3} B +F 19 (NF1)
% Legius ¥ NF1o] A& 02 vto 2 o] F3le Ras
€ BZA NAFE 7150 A8 oA T84S 2
S A

NF10] Sob28 Ao M= AdaA oy
o sttt Y45 Hojtprt 134 Ao Artet= A
[19, 80]. NF10] o5 A3l thA NF1-GA
A AL-oe AERA o|Ato] AAo R Eof &
(neural crest)ol| A& 22 9| Tt} A :LEE] A
eI BjofuAbubal vE A AbetAl g B
of A7 A= vl Fvl = HolHE A O}M
59 3t} §A4 L Ras GTPase A4 3= dAdo] ¢l
It §f A= GAP 94tk TS secld-PH
o] ZH4H U7 W& GAP 90| oz o] Fa 7hA
3kA] xet7] WE ol Rase =243 AW = dojutA|
e F= o

GAP1 family

E 5] GAPI1 family GAP = Fig. 40149} 2] RASALL,
RASA2, RASA3 3 RASA4 50| St} o8 Zug <
RasGAPQl GAP1 [66, 222]349] 454 AL 539 54
20tk RASA1 like-10] RASALI®lx, 2329 GAP19
mammalian homologue’} RASA2 (%<& GAP1M)°| 1, in-
ositol 1,3,4,5-tetrakisphosphate®] A 33st= GAP1¢] RASA3
(B2 GAP1"™™)olr], Zgroll o)) TA4Jo] £75E GAPIo]
RASA4 (& CAPRI)O|TH, 44, 113, 118, 218]. o] & B F
N-Zoo] = /1o Q299 <& /M4 Y3 T4 F9 o GAP
F9ES AL gloem iR FHof PH ¥4o] Agsta gtk
(Fig. 4). RASA29} RASA3E PH ¥ %9& 539 phosphatidy-
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RASA1

= SH2-SH3-SH2 wemm PH m C2 GAP |

NF1 -
—%h sec14

RASAL1, RASA2, RASA3, RASA4
2 =2 GAP FPH ==

SynGAP1, RASALZ2, RASAL3, DAB2IP

mm—— PH ¥ 2 # GAP —

IQGAP1, IQGAP2, IQGAP3
" CH

PLXNB2

WW m [Q e GAP

—eeesess————— TTG TTG TTG — GAP /\

Fig. 4. The RasGAP family. The RasGAP domain containing proteins were detected as 14 genes in the human genome [12]. RASAI,
NF1, GAP1 subfamily (RASAL1, RASA2, RASA3 and RASA4), SynGAP subfamily (SynGAP1, RASAL2, RASAL3 and
DAB2IP), IQGAP subfamily (IQGAP1, IQGAP2, IQGAP3) and PLXNB2. Members of the IQGAP subfamily do not exhibit
RasGAP activity but affect Ras signaling. PLXNB2 has a partial sequence homology and does not exhibit RasGAP activity

but affect some Rho GTPase activities.

linositol 3,4,5- trisphsphate (PIP3)¢} 2%t £3] RASA3E
phosphatidylinositol 4,5-bisphosphate (PIP;)¢+ 217 23
Th42, 43, 112, 114]. o]l ]3] RASAL1# RASA4= C2 ¥4
< 5l ol BFEE  giva A o111, 192].

RASAL1S €& paired-like homeodomain #AFSIAH
(PITX1)7F Adtste]l AALE FXetes AR ds 5 on
RASALLS 50k2AZ 7§ Ras 43}l o3t Mz g4
Aol doldS LA HAUTHO4]. ol AP A EolA
RASAL1S] @ o] ZHas) d A L2 Hof RASALI] tu-
mor suppressor® A&3tE A0 E BT & AEFAME
T2 e 9 WYl oste] RASALLY W o] A= 9l
ol A A1, 27, 83].

RASA2E Z4 % (melanoma)d S#E Ao HIES)
ok Ab e S Aol A RASA29] W] 30% AER 7
28] AATH7]. GAP ¥ 9ol §l= RASA2E T 3=
AT 12130l At EE 1S4 o 2ot
[79]. o] A3+ RASATO|U NF13} o] RasGAPS &4 7=
FHeHA A 3 A Aol YE AR HAZ
E T Q2 I Atoldl EAstE B GlsV EHH
o7} AMH A= ol d AH = W (anemia)d 4T
4% (thrombocytopenia) 540 WEHdS 313 TH13].

RASA47} ZAE A7 o] t 2 A 29| Fe-receptor (FeR) <
Fog Qg Add e W AR s Hyo] TA
3hATH227]. RASA4E ES FR f5o] 93 Rho family
small GTPase?l Racl3} Cdc429] &4 5} (Racl-GTP/Cdc42-
GIP)oll = 83 ACR Heg oy Fa&g 7142 <A A

29T RASA47} GEFE 24314 &0l % 873817 RASA4
o] GAP ¥ 90| Racloly} Cdc429t 2§34 Rho GTPase?|
715 BF7] Bohe 238 GEFEA Y 7159 &43d
Rho GTPase (GTP-bound form)7} &7+ o] 9 th[227].
o] AT A= RasGAPL. EAM 9] ddto] 834 Rase] &4 3}
£ AdATE RAFAT

SynGAP family

SynGAP1, RASAL2, RASAL3 ¥ DAB2IP7} of7]¢f &3ttt
[35, 52, 133, 162, 198, 228]. Synaptic GAP1 (SynGAP1)
GAP1 familyo] 43+ RASAL1, RASA3 ¥ RASA49} 20
RasGAP &4 o]9d| = RapGAPEA & 7FA 1 QlTH142].
SynGAP family= N-Z& %o PH 993 2992 A=
ZHA AL QAL 9 H9ol GAP ¥9E 7hA 2L 9 ThH(Fig. 4).
T ol A SynGAP1E &A1Y 2 (excitatory synapse)®] Al E
A o YAt AW 252 Y E (postynaptic density; PSD)
TZo| 5501 o PsDe| A3k @Al PSD-95 B
SAP1029 Zgste] PSDE Eofttt. PSD-959 SAP102:=
PDZ g9 < 7HA AL 9lem of g0 SynGAP19| C-2&3}
A Agstty 4HA UTH92].

RASAL2E W9 A| 28 A A& A 2(endothelial cell trans-
forming factor 2; ECT2)9 A% 3= A2 98 %= ECT2
= RhoGEF A< 7M1 9 Aox uehygti200].
DAB2IP®] PH 993 C2 ¥4 & apoptosis signal-regulating
kinase 1 (ASK1)# 214 2 &3+r}H[226, 228]. & A 2] Al &L of
Ae AWM A (vascular endotherial growth fac-
tor-A; VEGF-A)2] Z=ol| 98] DABAP7} 5341 A =&



Al 1% (tumor necrosis factor receptor typel; TNFR1)Z 2§
StAl € Th225,228]. DAB2IP7} o] & & +&AEF A4 2%
shs A2 Aol Hor oty A sl Hof Rass
=8N 7] dEd Ao Bt

SynGAP10] =ob-2d AF = A% 157 ol AAgE
Hal FUTH91, 95, 187]. 27 A =okx FHlA = =9
SynGAPo] A4 A# 9 40% AEE FAHY YEH o
20% olst2 FaHw o A AN HAFUTH93].
SynGAP19| #1445 &g A9 o= &S AAANI
AF o) Aol AEAO o Bl sfrtel o8 =4
A0 dHA dATES TSN 1S dER
th71, 131, 132]. ol A& AF = £ AY 2ol a-amino-3-hy-
droxy-5-methyl-4-isoxazolepropionic acid (AMPA)-3 =%
Efr o] E &4 (AMPR) 53474 55052 2ol F3U
Hoolgd 4L & AAH 543 g5 dFe ¢
T 202 A Ath91, 95, 96]. olell v FEAA
F AR BE AAE A A= Raso] 493
Hoj3glom g Ay 29 N-methyl-D-aspartate (NMDA)-
3 SFEE S84V 2435 & YE A TH97, 160].
|9 = SynGAP1o] 24 ¥ A+ Rac® &4 3}HRac-GTP)
= LER SATH30].

mu do X orfr
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pressor® A48t FEE 9l O WA RASATCIY NF13} 2]
Ras A5 ot HAY 715S 7HA A& 2SR B
RASAL2E ' o} 3l M| X Z (astrocytoma)oll A =t 2 7
¥ Rho GTPase7t 243t AHl = YER o™ H o] (metasta-
sis)9 Beo] QlE Ao BRuHTH200 £ 84U 7t
%2 M Z (mesenchymal cell)?| A= RASAL27} Rho sub-
familyll 43 Racl# A4 At GAPL.2 #8347 &
1 238 Racl-GTP #%& =9 F& 7122 HuHdh
[64]. RASAL2E Ho}$-AZ T F4o] 543
APE o GAPZEA ] gle EdRol7 7
Ras¢} ERK®| @A3 243517+ o
suppressor® &3} Tt
[127].
RASAL3= ZEEAM Zo| M So]z o2 TS =0}
2 7%, natural killer T (NKT) A Z9] 71 §478] 743}
A0 % Hop NKTAH £ 59} 7]5& 2431 Jltpa B
HAom w3 mol2A o naive THESY HEES =qF%
TH133,162]. =3 RASAL39| GAPY %] RasGAPo| ofd
RhoGAP2. 2 2-§3}¢] Rho GTPase?! Rac29] GTPase &4
of =% 98-S s HuE QTH170]. RASAL3E 29

=
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>
>
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i
rHlo
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N
>
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Ao o2 F2YH FAAR] #HAZ }ANA o g
A7 B8 AAo|th[133, 162].

DAP2IP= Z4E Ao Mxe gdzste] Yojypa A
o7} F7}8o] HEEHUTH129]. TH FAE AGA LM =
Ras EHHO| 2 Qg FFo] AY TAHA YedE B3}
I Ras7h & 243815 Qlthe7, 82, 120, 168]. o] gt o] F5
zrolf]7] 98t 50| Bol APHAEY 1 T & TR
7} ¥l 2 DAP2IPZ U8 Fith. DAP2IPSY Ed ol 24 9
TARASA BRAE 9% GAPY EEA3Z <3 Ras
A& 3 PBK A 27} EA435tHo ke Zlo] Ba A Th129,
213]. A APA oA Lo A DAP2IP7} 242 799
T APAte o7t Z21EH L ow Yolrt Ras 4= o] 9l
% PBK-AKT 427} @43 53 ASKINK 327} 5843}
5 tH212, 213]. 2 ¥ 2 DAP2IP7} 4318 Al Eo) A&
PI3K-AKT 7 27} 284351 ASKJNK 4 27} &4 35
o] DAP2IP7} Al 2o A& J2ALE 2Hs T Y Al
S5 9 tH212]. wekA DAB2IPE tumor suppressor® 2+
3t glsel &g Aol

IQGAP1,2,3

IQGAP123= MZE ofm|iite] AEAol m¢ &4 Yer
Ao} IQGAP1S thofdt 2ol BE3t1 911 IQGAP2E
Lz 53k IQGAP3E o, ¥, &% o E1F X
e A0 2 YERNTH22, 45, 136, 195, 202]. IQGAP1S scaf-
fold tMAZA AE AsHDo] Hojdte SR G
=< e EFAE Hol F= dTs FTH208, 209]
IQGAPE 379 5918 B57F gid-dmd 5285 3
T ¥902A4 N-Zdo]AHE actin-binding calponin ho-
mology (CH) ¥, ZEdo] FH3 gl 23t trypto-
phan-tryptophan (WW) ¥, Ul 71 9] IQ calmodulin-binding

(1Q) 99, 281 vpAeto] GAP 99< 7kA 3 9l th(Fig. 4).
IPGAPS] GAP 942 GIP 7kEdfol 2440 98¢ st
ol27)d #&7]7} 91o] 4 Ras GTPased) EAd =¢r] A&
37 3TH22, 195, 196, 202]. W2HA IQGAPE A ofm
A g0l RasGAPH E& 454 S el 9lg #olX

o

RasGAPL.ZA 9] 982 & 4 gl Aot IQGAPY
Ras GTPase’} ©F'd Rho family GTPase?! Racl# Cde429]
Agste] 1 e 2AFo=M A 249 A At
A A ad Add A3} Aghete] Ao SA4olu AlE
o] &9 Wl Slojd LT 4TS drka LA Sirhe,
65, 101]. =& IQGAPS MAPK 7 24 PIBK-AKT A& A2
of #ojste DA ST At Az S0y HEA=
Pojala gleo] vHa H 18, 151, 158, 159]. AF7HA #& A
IQGAP 2% &M d 52 797} &9 (tumorigenesis) % ##
ol A& AR BreATH73, 208].

7 % (colorectal cancer), # %4 $+F (pancreatic adeno-
carcinoma), 1L XA X (glioblastoma) ¥ %4 $H(ovarian
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cancer) 5ol A& IQGAP1o] #Y L& =] 3lFo] RiES
TH[53, 126, 134, 196, 207]. A5 EH A= IQGAPLS #4Y
BEA D A5, A A YA (prostate cancer)# frAE A
Z7F Ugth139]. IQGAP1E 0k A7l AF o A& H-Ras
£ 8435 freste] &S frdste A ds e B
AoH vobr IQGAP1Y] 24 & Rasdll 93 FE=& Al
T EAo] U] #Adhe AFE BT - E B
T3 IQGAP1# Ras®] &4 3H(Ras-GTP)ol|l &g+ ek}
AR AAT/AE o} A7A FHEHA k.

ol o Hl3l 9] % (gastric cancer)ol| A= IQGAP2¢] ®do] &
A A= A 1 ol TERE Y WYsE A
AA FFo BEAEE T3 HTH84]. =3 IQGAP2V} 24
g AF ol A= A E¢F (hepatocellular carcinoma)©] %
5 9l tH164, 215]. A EA ol 4= IQGAP2] W& o] oA 5

ATH214]. 883 AT AT = IQGAP1IT IQGAP2E F A
o] FolL A A ALolE IQGAP2Y ZAE ofrd %o X
o] FEAO R JEFHE AAE Hof FIATH164, 209]. ]
3 AFAFES FFd 21 IQGAP1F IQGAP2E ¢Ho
Aol SlojA A Z WitE s 98E st ke ol ol
T EUE DA S0 AE QA AE AL A=A
o alAE kAR 1 AFAIHIL gle ot

IQGAP37} g E@d 5o 913 IQGAP27F A4 F o] glod
o G o £5 Bole Zolgks EA[100]7F dom =
7 ¢ke] 749 IQGAP3©] EGFR-ERK A 54 25 Z738to ¢
Mz B} HolE FAANAET. 5 IQGAP3E = 0H2A

718 HGAZe] Aol £3E T #Y LHAINE Aol
2215 A H220]. IQGAPS 24 212l RasGAP &4 & 714
AR Eate gl ® Bty 24 YA 24E 4
o & tumor suppressor$} frARSHAl 28313 Al H& HAF
I 9ol olel th AHA AFAH AATF Dag Al
Hog wolt

d

g

2 E

BudlAe WA Ras superfamilyol &3st= o8 714
monomeric small GTPase€ 9| 7|5 % F& & A x4 2|3+
FA o)A AHEGT AZATHDA ] EA 29X (molec-
ular switch)Z4] Ras GTPase® > GEFol &3t} AR A 9
FERE W A5E o2 dDstn GAPY st 1 2
AATE AARA B2AS B E Sok ZHoRA AEY Y
Aol 2AHI St of 293 AAe] 1FOR ATEL
ozt AWl AZea A= Rass 2 59 12,13
61 2= Moz Qe A Azt kel 30% ool
AEte oA o A =xo] Bag Fofoltt.

=AE, A E T RasGAPY &8 A7ZAISo st
RasGAPY| Ae] 4 715 & ol & A7 8 9ét= GIPaseZ A

e N2 ng

< 2AFoEA WA, 2ERAZA, 9A 3 A
E A Qitkal Bl ol 4
o148} & 2 (RTK)= 0] BE ol 2]

AEAEAE 2deta o
o] 71 0] H}i RasGAPO] tumor suppressorZA % Az 24
AN B34 24AzAY qTolzta T ¢ & A
o o] #ok =3 de HIET Ao ARGA NN 1 AF

20T ¢ 4 e Aol

TN
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