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1. [FU®IC

MESH (vascular malformation) (IAREFHRER ICK DBRINIZHFET, INXTEEEINTL)
2BEFREEDE I, PI3Kinase/AKT/mTOR #218, Ras/MEK/ERK 28 & W\ > T MEFHE
(angiogenesis), UV /VE# 4% (lymphangiogenesis)ICEE R D T )UmER EDDFICEPL TV
3. REDFIRE (phenotype) (HBLFEERDEUPHRET DEHREICK>TEEBRDBDERDIH *
% PI3Kinase/AKT/mTOR REEDEE (PIKopathy)(c & o T4 U MEZFHILE8MRZTF (venous
malformation (VM))¥ L VY& (lymphatic malformation (LM)) & L o 72 slow-flow DHD T,
—7, Ras/MEK/ERK iZEDEE (RASopathy)(dEE2TZZ (arteriovenous malformation (AVM))
2 ED high-flow DHD ERBIBENDH B 2. CNSORKICRES T DBLFOERIE, FTICHAE
EEBRIZR (gain of function (GoF) mutation) TH 37, METIEMBEFTHICHTT D NS DRI
D@FEMAL (overactivation) Z#D X 57 FIREVEDE (molecular target therapy)hVEB SN TL
%. PI3Kinase/AKT/mTOR #2i& & PlKopathy [C DU\ T 2024 F£D proceeding Z28B L TWLWE
=, AT TI(E Ras/MEK/ERK #2885 &K U RASopathy [C K 2MEFHZMRT D.

2. Ras/MEK/ERK #®#&

HBRERNERIEDIRE Z KT VU FIUmEY X7 A& LT mitogen-activated protein kinase
(MAPK)#ZEENH O, MBREDIESE, »t, PRE—I R, E#htt, RE, R MLARIGGEZEHR
HEEDHE, ARICPONRZEZRIZLTVWD. MAPK BEEESNSE MNIEDETOEKMRIC
@I Bt Y/ RLAZY FF—F (serine/threonine kinase) T%H D, MAPK kinase kinase
(MAPKKK), MAPK kinase (MAPKK), MAPK @ 388045 VI\VE ) VI LEER (FF—B)Hh 58
BN, MREANSDITFILICK>TMAPKKK—MAPKK—MAPK DJE(CEMEL L, Ao
FIVERZANERZ TS, BELE TS extracellular-signal-regulated kinases (ERKs),
p38/stress-activated protein kinases (p38/SAPKs), Jun amino-terminal kinases (JNKs)D#4 &
EBH3ID2DT77IV—ICnlF5N, ERKEEIEECIEERFICEL > TER LS N, FCHBARIEE,
ME, MEFEREDFEICIERLTWVD (Fig.1). —7A, INK & p38/SAPK BREE(FRA L ARE
MAPK 288 & HIEEN, BRABIRIBRA ML AR (LR, BEHR, BIEIANLR, SREERE) ©
RAEMEY 1 S HA > (tumor necrosis factor-a (TNF-a), interleukin-1 (IL-1)4 &) (T & o TEE(E
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N, PRE=YRFEPRBLSOHEICEBRRZENZERIZLTND %%9 ERKBREEFESIC
ERK1 & ERK2 h'573HTT77IU—E ERKE T T 7IU—D 2 DCHF5N, IBREREHREL
[CHEBENE MAPK THBZ &N SHHM MAPK EBIFEENS . SRR TH S ERK1 XV
ERK2 @ MAPK #28&(3, *(C Ras, Raf, MEK, ERK1 -2 hSHEEEN3.

. i growth factor stress, growth factor stress, GPCR
extracelluar stimuli mitogen, GPCR mitogen, GPCR cytokine, growth factor
MEKK1, MEKK4
MAPKKK A-Raf, B-Raf, C-Raf @ ASK1, ASK2 @
0
=
)
2 MAPKK
w
3
marK @
intranuclear effector transcription factor transcription factor transcription factor transcription factor
biological response proliferation endothelial inflammation, apotosis

differentiation lumen formation growth, differetiation
angiogenesis

Fig.1: MAPK #28%

MAPK #28&(3 ERK, JNK, p38 D 3 DD 77 I U—hm%0, ERK [3E5IC ERK1/2 & ERKS RE8(C
MFIE5ND. RROVCHBRROIENE, »ME, PRE—Y R, B3, RE, AL ARG E SR MBS
DFE, FHRICP ORI ZRZLTND.

Ras ([JEDE& (21kDa*) DI 7/ VY- O LAF RiEES /D& (guanosine-nucleotide
binding protein®) T, MRZREICIBLTED, F5EMHE  (guanosine diphosphate (GDP*)#EE
E)Ras h'U VEE SN TEILRE (guanosine triphosphate (GTP)#SEE)AZTEND 2 &I KD,
RREBTROYVITFIVGERBZ TS E®IDFRAYFEUTHEIEL TS, Ras [FEHOT T2
7 —%&EH, ZOREKHI H-Ras, K-Ras, N-Ras T, ZNZN% encode I DEI=F( H-Ras,
K-Ras, N-Ras &30, ZNZNE 1T, F12, F 1 R2EBEKICMELTVNDS >0 Rasdb kT
RUICHEESNIIBEETF (oncogene) T, FELHIIC(X Harvey & Kirsten 0’5 v ~ICAEZFEHEKT D
LEODCILR%E 1964 F£& 1967 FICZENZNREL 2%, Z0H, DMILRACREENLEGFE
Harvey-Ras (Ha-Ras), Kirsten-Ras (Ki-Ras)EWEEN3 K5 (CEoTz. BRMIC Ras (J rat
sarcoma [CEBRLTW3. & ~T(E 1982 £(C Der SHEEMA A DIEBMBREN S S Y kD Harvey-
Ras, Kirsten-Ras E@\MBRIEZERTELTFERBL, BED H-Ras, K-Ras&ixo>TW\Wd "7, &
5(C 1983 F(C(F & MPRTFHIRIED S H-Ras, K-Ras &(387%3 Ras BizFhREEN, ZnH
N-Ras T&H2 ", Ras D;EESHREICH DR BAHF OV Y FF—+E (receptor tyrosine kinase
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(RTK)), G & vI\0&EH&EZEK (G-protein-coupled receptor (GPCR)), #fgEENFTHD TV
FHUY (integrin)x & N U THEEZAD 5 DL BRIMIC & - THBE NS 2%, RTK (JEERF
HHBREA DRI Y RNEE TR EIC2EWIELL, ZNCL>TEESY VEMEZERIIIET
MBRERAY T FIVEEZD. T2EMPERTEY VB bESNFOI VY ERE LT, src homology 2
(SH2) domain 2% VI\O&D 1 DTHSD growth factor receptor bound protein 2 (Grb2)hH'iE
B93. Grb2 (FRIDY VINOBZEFHILT D75 S5 —% )D& (adaptor protein) T, SH3
domain (£ T Son of Sevenless (Sos1)&EfREELTWLS. 78105 Grb2-Sos1 complex HSEMHAL
U7z RTK £#EET B2 ET, BRYIC Sos1 ANEMILEIND. Sos1 TP VXV LA F RMBRARF
(guanine nucleotide exchange factor® (GEF))& U TOERZERS, RNEUHE Ras &EEL. Iz
SR Ras [CEaS B 2D, Ras OEMHLICIEESICHAARE LT 2 EFXBEEZ L DREDHHD
6:17:20252628303450  Sos1 & (X IC GTPase ;&L ~ /o & (GTPase activating protein (GAP)) T#%H
% neurofibromin (NF1)(&, GTP % GDP (CHIK#8 Y 52 & T Ras ZREMEAL T 2 =0, FHiBI3AZEA
SENTVWARWA, H-Ras, K-Ras, N-Ras (SR TONHPEENISEEILT D2 TROI T FIUERE
REDRID, TATEMIRER (germline mutation™)PEMBIZZE (somatic mutation™)IC$H (7 %18
FFHRORBEHRRDIIEND, ERTRBOFHEEZIB > TVWB I ENREBEINTWNDS >,

BB Ras (JERA B TR effector ZB L, ZDKFEM' phosphoinositide-3-kinase (PI3K)
Raf T%3 '"*?. Raf (FEVY/ALAZY £+ —¥ T, MAPKKK (B L, A-Raf, B-Raf, C-Raf
@ 3 DD isoform*HHB. N5 3 DD Raf ¥ VIO &% encode 3 BEEFM A-Raf, B-Raf, C-
RafT, ZNEFNX, FB7, BIFREERCMHABL LS. Raf EFDEREF 1983 FT, YORICAH
EEFEHRITDLEODTILADS v-RAFD DBt Nz, £ZRFC v-RAF D E RMBEME (human
homolog) b IREEN, MRRE(CEET D Raf B F& U T C-RafkthasNiz. B1IRHIC Raf (HRHE
REZFR LI ENDS, ZDLBHE rapidly accelerated fibrosarcoma [CER L TLD. C-Raf (&
RAICERINT Raf THBDZ &H 5 Raf-1 EBWFENTWLEA, 1990 FRICAD & isoform TH
% A-Raf & B-Raf RIESNeZ&HH D, C-Raf &EMMT B EN—MITH S > Ras &
@#kIC A-Raf, B-Raf, C-Raf OHEEFETHERBEINIZDIF TGV, BRIBHRFORIRE (IR
S2TW3., UHhUZDERBERILBLTED, LWInd 3 DOREMEE (conserved region (CR)) %
BELTW3. CR1 [F5BEI KX~ Y (regulatory domain), CR2 [k I KX+ ¥ (hinge domain)T,
CR3 A'F F—t K XAV (kinase domain)Tdh 3. CR1 [FLFTH B Ras £#EET D Ras #EE R XA
> (Ras-biding domain (RBD))& Raf @82l (CE810 3 cysteine-rich domain (CRD)K DB =
TW3. Raf FAREHETIEICRI ANCR3I DY VE{kZzB2FILTED, E5I(C 14-3-3 protein &
AT 0 2 81K (heterodimer )& L, IWOREENLBEE UTRELTINS *101918%0%  Rag Y
SEHbEIND EHRREICH D) VERLEER TH B protein phosphatase 1, 2A (PPA1, PPA2A)AY,
Raf @ 259 FEE DTV YV (S259)%Mx Y Vb U, 14-3-3 protein DAIBHNZHDZ & T, Raf (T4
FRRENEB LT RBD Z/M U T jEME Ras £#569 3. Raf  Ras ERIRIC 2 2FZEFKL, 2D
ETEHBRERDFVNFF—EEREFT B 1100,

Raf D TiRD effector A* MAPKK T#% % MEK (mitogen-activated protein kinase kinase (F7z(&
ERK kinase))1, 2 T, ZNENE 15 RBAKICTHFET D MAP2K], £ 19 RBRICHFETD
MAPZKZ2|Z &> T encode &N 3. MEK DEAEEFPOIHDOF F—ER XMV E NKFEHXVC
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Kt P =/ BEEFIHD SR D, NKiK7 I /BBCHIC(E ERK EDIEE R X1 ViEIFTR<, MEK D2
BARTONMNBEZETT D58, (nuclear export sequence (NES))¥, B9 & DAEEE
(negative regulatory region (NRR))&ZENH D, —7A, CRinr I/ EECHIIC(E Raf EDIEE K XA
VIREDHD. MEK] [FFF—ERXAVICHD 218 FB & 222 FEBD UV (5218, S222)1,
MEK2 Tl& 222 &£ 226 F@BD 21UV (S222, S226)H VEEEEND Z & TEMLT S, 7z MEK]
DFF—E R XA VICEFTRD effector TdhHd ERK H'5 negative feedback 2= (F2RALAZY
292 (Thy292)% 5D 10142505 " MEK DML DMEF (D ICRBBEINTLRLD, UTDLKS(CE
Z5NTWS, FNEHED MEK & Raf [IANT0O 2 EFZFEELTED, Raf hNEMHILL T2 E&LT
2EEBHICMEK EDBDIEENTF RO, ZD% MEK (& Raf2 EADFRE TRE 2 E4
(homodimer™)Zfp LU T Raf [ &k 2> TEMbEND. 7EML U7z MEK2 &K%, —38(E Raf2 k&
BEULLEEXFXT, —BB(F Raf2 EFHNSNEEL T, TiiRD effector ThDEHEE) MAPK TdH 3 ERKI
& ERK2 &5t b &2 439,

ERK1, 2 (FZFNZN MAPK3 (p44MAPK), MAPK1 (p42MAPK)& BIF(E, ERK1 % encode
I 2EELEFNE 16 RBIKICH D MAPK3 T, ERK2 (X585 22 L4KD MAPK] THD. WINHEK
BiE(E MEK EKKBITHED, POIDOFF—ELRXA Y E N KIFB KV CKik7 = /BB EH 574
D, CHRIHEP S /BEICE MEK EIEET D RXAUHEFEET D . MEK (F 2 ERERFF—¥
(dual specificity kinase) T&d D, ERK1, 2DFF—ERAXAAVICHD LIV VEFOIVOM7 I VEE
REZDVEIESES. 973105 ERK1 T(E S202 & Y204 A%, ERK2 Tl& S185 & Y187 it Vi
ftandZ&ETTERILEND 9%, SEML Uz ERKY, 2 (JIBRRBRICBES 2FARBYVINOE%
DYB{tSEREEDIC, —BBEHBREN SRNDBEZL (BT)ZkRI L, KRN TEHEERF
(transcription factor (TF))T& % MYC * specificity protein 1 (SP1), C-terminal binding protein
(CIBP)REZ ) VEMb I ®D. ZORR, INSOEEFUNTTEL, BRETEICHBRIIBIGEER
F (immediate early gene (IEG))DEEAEE 210144950

LI EA Ras/MEK/ERK 2D XA Y A KU —LA (Fig.2) TH DD, ERRICIFZNZND feedback
#X>, Grb10 > kinase suppressor of RAS (KSR)REDFHTH -5 VINVBDEHERE, ¥R
AFHBESELTVBRZEFBRELATNEARSARL. Ras/MEK/ERK R (SiBl2DIBIE 2L, 477,
R ES), MEFERERLADIKEEDRKIRICREAS L TLDH, Z0HIMHIEZDMIZEN ERKE
HORMEERENBESLTND Y,
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Fig2:

Ras/MEK/ERK #%&

18BN F =R (FE o 72 RKT [C&X 2T Ras hWEMR LSS, &ML U7 Ras (S#fifRfR £ T Raf Z/EMHEbs
¥, Raf (I MEK ZEMH (b=t 3. MEK (SHBRREAD ERK Z&FMH{b=t, ERK IZAICEITLT, BER
TR ET, RROICHBIRIENE, Mt, MEMEREZFIELTNS.

3. Vascular malformations associated with RASopathy

Ras/MEK/ERK fZE8(CEAT DB F D HRERFIRAL LA EPREMABMES ClsfenTs
D, Tie—FH THEIEMRRZE(E Noonan fE#E%, Cardio-facio-cutaneous (CFC)fE{#B%, Costello i
1REE, 1PIRISHEEE 1 B (neurofibromatosis typel (NF1))iEDDEFR, HREESR, BIKET, F69E
BEVWS I RGOEMBCIELE - FERREZE T IERBHZSISRIIEDBHNESNTNG *Y, Z0
ftt(CH Ras/MEK/ERK RS [EMEFHE®L D VI EHEICHEERREIZB > TLS728, RASopathy
K> THRRABIMESFEHIEL S B.

3-a. EMME ST (capillary malformation (CM))

FERMEFHSIMAEMTH Sturge-Weber fEZEE(CH (T D port-wine stain [CBEVWTH, Z<DFIT
GNAQ DIEBRAZENERSIN TS . GNAQEE I RBERICHNBLTHED, NTO3IBRHRGHYY
IOBOYT 1w hTH2 Gaqg % encode T3 2. Gaq ZTEMLHIRETIE GDP &BELTWD
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N, UVEtZEZ (T GDP A GTP &7 d &iEMH kT 3. JEb Uz Gaq FTRTHBDRRAKYI\—F
C (phospholipase C (PLC)Z& &t U, #EROIC) VEEBBKEE DT 1 v FF+—+ (lipid-
dependent protein kinase *) T#% 2707541 ¥+ —+t C (protein kinase C (PKC)mZEE % T4
I3, PKC(FZDTMTRaf ZFHLIE®D . GNAQDER(IHHESET, BRELT
Ras/MEK/ERK #ZEEDBRLEME(IC DA > TW B,

3-b. MELEENFRARETA (sporadic AVM)

FEMFEICEALTE, B/EANTIE 2017 £FIC Couto SHYRZEDREMBAZT MAPZK T DFRMERRZE
% 25 flh 16 Bl (64%) TROHIEIRE Lz '@, £/ 2018 £IC (& Al-Olabi 5H'BENBNERARST
TD K-Ras, B-Raf DIFRZEREZFRBELTWB ", —A, BERNOERMIEIL 2018 £FIC
Nikolaev 5% 72 fiioh 45 il (62.5%) TIREDREHMIAET K-Ras DIFBRRIZRZIEHLTLS . &
5(CF 2019 FIC(F Hong SH'RkENERATRSE 21 BIICX U GEGRFREZITL, 21 6l 17 41 (81%)
T K-Ras £7=13 B-Raf DIFBRRER =R O (K-Ras 16 5, B-Raf1 ). Fi-RkICEEENEIRZ
F10BICH U THEGTFREZIT>THED, 1061 1041 (100%) TLWITNHADAFEMRERZRH T
Wz (K-Ras 9 B, B-Raf1 fl)*®. D& 3 ICHIEMOBNEMTH(E, BENTHLEERNTS K-
Ras, B-Raf DEMBRRICH (T DHEERBRZEE(CL > TRAE LU TV UREENREINTES D, BEHN
TEEBIC MAPZKI ZENBES T EbHD “.

3-c. EMME S —EERART (CM-AVM)

EMMES —EEREHIEIEBIRERC K2 FREAENE (BE)ETTHEEERT, RESTFICE
% 5 2BIRICIB I D Ras P21 Protein Activator 1 (RASAT)EEE 7 FEED Ephrin type-B
receptor-4 (EPHBALREENTWNS *>*". RASAT [E p120-Ras GTPase activating protein
(p120-RasGAP))% encode U, p120-RasGAP (& Ras ZEHRIN SAEE (CEHRT B negative
regulator THh 3. iz EPHB4 FHBRARICTEE T 2 B4 TH S EPHB4S Z encode LTUL\ B,
EPHB4 (3E2AMOALMIAICHKIRL TH D, SIRICHROVRRBSEY STV KTH B EphrinB2 &S
I3 ETMEEMPHEMDOMERE (CERREENZRILTWVWD. KRz EPHB4S (X p120-RasGAP
ZEHIL T 2REEHD. LI >T EPHBA® RASAT DER(SHEAETRKEY (loss of function
(LoF))T, Ras/MEK/ERK iZEEDEMEAL DHIEN DI TERL RSB 7,

3-d. RIEMEBRRIRME S (familial cerebral cavernous malformation (fCCM))
KIEEBIRIKMEFTE EXBREABIHERT, REETFEULTE 7 RERICUET D CCM]
(Krev Interaction Trapped 1 (KR/T7))& CCMZ2 (Mammalian Gene Collection 4607
(MGC4607)), % 3 &R0 CCM3 (Programmed Cell Death 10 (PDCDI10)H RBESNTH DO,
nslEFENZN KRIT1 (CCM1), Malcavernin (CCM2), PDCD10 (CCM3)%Z encode LTWL\3
B0 NS ORBAELE UTEZREEOERROETHIE (I TR, 9-21%0DEIE THEDME S
ZEHIT DI ENNOSNTLD. REDMEFH(F hyperkeratotic cutaneous capillary venous
malformation (HCCVM), deep blue nodule (DBN), punctate capillary malformation (PCM)7& &
T, MERICEBHZZENZ N3 KRIT1, Malcavernin, PDCD10 [FEESHERLTED, i
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MAPKKK T% 2% MAP3K3 2 EZN LT, BEIC ERK ZHHEILTWS, Lich > T CCM],
CCMZ2, CCM3DZERE(IHERERATT, BHERIIC ERK DFMLICDRND. T KRIT (FEMRT
b, MBIRNZBARTHDAVTI )Y (integrin)ZN UIciBigiEB & V0 FIIVEECHE VW TEELRRE
HERIETAVTIV VIBRRABIEIESED (integrin cystoplasmic-associated protein 1 (ICAP1))
Y, HREEOY T IUGSEEBS 4-Notch BB EHBIS LTS, 4-Notch REB(IREHIC AKT D
SEMEE® ERK OIFHIICHEES L TWS. Leh > TKRITT DO#EETRK(E, BHENIC ERK SEEDTTE
[CDRBMNBEFTHRL, BRABRBOEBEEICK > TNEREDRERE [CEREHRT 0450,

malformation mutated gene type of mutation
CM/SWS GNAQ somatic, GoF

sporadic AVM (extracranial) K-Ras, B-Raf, MAPZ2K1 | somatic, GoF

sporadic AVM (intracranial) K-Ras, B-Raf somatic, GoF
CM-AVM RASAT germline, LoF

EPHB4 germline, LoF
fCCM CCM1, CCMZ2, CCM3 germline, LoF

Table1: XZ&RM7%: Rasopathy BEDMEFH
[8858] AVM: arteriovenous malformation, fCCM: familial cerebral cavernous malformation, CM:

capillary malformation, GoF: gain of function, LoF: loss of function, SWS: Sturge-Weber syndrome

LI EH Rasopathy (CBIRT 2RKREVRMESH (Table) TH DY, MBICERRSH THIMAEMED 1 DT
& % verrucous venous malformation (VVM)Tl& MAP3K3 DIFMERREEN, UV I\EFHETHEM
BT H S Gorham-Stout disease (GSD)¥ Kaposiform lymphangiomatosis (KLA)T K-Ras, N-Ras
DIEBIRZEENZNZNIEHEINTHE D, WINHKEEESRAERTHD .

4. BHOHIC

MEFF(CHT 20 FIBHOEL, AFLTIE mTOR PAEETH S sirolimus H' 2024 F (B v
INERZBICHZA TEMTTOREEMETL A E BRRAST SN/, Sirolimus (X
PI3Kinase/AKT/MTOR #ZIEICXI T DD FIZMEFETH DY, ELVER Ras/MEK/ERK iR ICXT T D70
FIZENE TH D MEK [EEZE B-Raf AZSELR ENSEMITHICHT T D0FEE UTERSNTLK &
ZZ26N, RRICH/REFEHEIND . DFENROBRICK D MEFHDEEICII paradigm
shift "2 2 TH D, ZDOEERS PI3Kinase/AKT/mTOR R+ Ras/MEK/ERK #2 8 DIREE (8%
(TTBDZENTERL,
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[BEE] (RAXPITADVNTVNBREHD)
Da (FILkY) : RFBEHENMT, 1Da X °CRFD 1/12 EFEESINTHED, H 1.66x10"27kg e~
5.

guanosine-nucleotide binding protein (7 /Y —XOLAFREEIVINOE) : JPZVXDL
ZF K (guanine nucleotide™) &E#EE9 %45 YV /CO B DR

guanosine (7 /YY) : U7 ZVCUR—=ZADEEELIEHD

guanine nucleotide (J 7 ZY XU LAFR) : KBEZEHR T DERIEEDSED 1 DT, GDP ¥ GTP
[FINCEEFNS.

guanosine diphosphate (GDP) (7 /Y2 UVEg) : XOLAFRD1&ET, 7/ v(C) Vg
N2 OEELIEBEZTHD.

guanosine triphosphate (GTP) (77 /Y Y 3 UVE) : XOLAFRD 1 &ET, GDP (CVU VEEAMT
NENTERIND.

guanine nucleotide exchange factor (GEF) (7 =YXV LA F RKRIBAF) : GTPEEYVINOE
LICHELTWLWS GDP OMEZEREL T, GTP =S5 21ER%ZHFD.

germline mutation (4JEMBARZR) : A£EMEA2 (FBFPINF)CEGFEENFEL, LN >TERE
RTEEME (BM)SE CRIEMEICHKET .

somatic mutation ((AHBARER) | £JEMEA2 (FBF PIRF) LN DOMRE (FHRR) (CTRIET DEAZLE. BK
HKEDEDRBHICHRIND S 2D, FICHHIEREAICET DPT L,

isoform (1Y 274 —L0): & (7 /BEH))EERDH, RIUEEZEDIVINOE
heterodimer (AT 0 2 2F) : 453 2 DDOY VOB S U TR S NIESHE
homodimer ((RE 2 81%F) : GUREED Y VINOE 2 DH\EE U TS NBERE

lipid-dependent protein kinase (U VEEB#EMHETOT 1 V¥ +—t) : MBigfEDOY VEEBZEB L L
T, ZOREYICE > TERLSNBDTOT1VFF—F
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