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Radiation—Induced Signal Transduction Pathway
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BlALA o] o3 AlE &AFS 270 9] cellular target
o2RE A=EEsd 2 shurl DNAC|R th&
3lu}E= plasma membraneo])T} (Fig. 1). DNA £/
& single = double strand breakE A 3l= A
oz oAy &Ae YnHez WY AE F
HE AlY Yol FBFAT Fo} A& unrepaired
% misrepaired double strand breaks’} genetic
instability, o] ANz F7F R chromo-
some abberationg §%E3+c} Lethal mutation &
chromosomal  aberration2 clonogenic cell deathE
Sx e BE mitotic cycle £o] gojdo) W
ApAdel o] DNA E4dolA o}z 7)ol &3
G A A= $ARE Pro-apoptosis pathwayoll £
3} apoptosis7} ATk

o] ZoA& signal tansduction mechanismol] 2]
g OTALY fx AEA) i) Golr3A 3w
E.3] stress-induced apoptosis¢! sphingomyelin/ cera-
mide signal transduction pathway % anti-apoptotic
mechanism¢) protein kinase C (PKC) pathwayE &
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Radiation biology—1997 model
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Fig. 1. Radiation biology in 1997-potential targets

for translational research. For each of the
oathways detailed molecular and cellular
knowledge is becoming available that will
help explain the cellular phenotype and
provide novel therapeutic targets.

QAoez o NA R ol

s =9l RA

32g & A= P

2. Cell Membrane-Initiated Apoptosis

Apoptosist= ©]u] program¥ pathwayZ2A Z-&
2 o}2u|4 dependent endonuceleased) 23 A&
2] biochemical evento]T}. o] EAE
cleosomal linker siteo]A] nuclear chromating- 22
= 488 #3959 2 A3 180~200 base pair
°] nuclear fragmentsf*— A}, Apoptosise
inducible process¢lE] BH o H]E‘ﬂ]/ﬂt 2384
P2 ASHSE “‘545411“} o BAE &
Gkl B ehis aaelth o HEE o
2] 7hA) B2]& 9 stressol] o]&] A|ZE] 1 caspase
2 2el9t o8 279 oysein proweases] B4
S R ZAEAE AT & AT toxicd
intracellular  component$©]%=  membrane bound
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tt. 23% phagocyter} @5 #H8-§io] apoptotic
bodyE A3} caspase®] FFHol we} apoptosis
o] 71de dzA Ag&gdn gk WAL
o 2% apoptosis 2H2 A =3 Ixute] 7
B Jok. HZols WA AA|7L apoptosisE
$53}7] 93 cell membraneshA) signale A]ZHA]
ot FREHAT PAMAOl 93] FEEE oxygen
radicalo] cell membrane2] phospholipid layerE £
FA17]3L apoptosisE FETI SHATH AHF =
Aol &)t 8 o -particle WAL AS FE cell
membraneol] 9¥-E F0] sphingomyelin signaling
systemS T glo] HaEQich

Sphingomyelin pathway= sphingomyelinasez}=
sphingomyelin-specific ¥ e} 2] phospholipase Co| 2]
&) JtrRaiE o] ceramide?} A A== pathwayS
A8t} Ceramidew second messenger®A] kinase
cascade 3 transcription factor& 2}=3}1l IL-lbeta
o 9§ IL-2 signaling®] %=, TNF-alphaoj] 2]
HIIV-1 replication & /H]E JAko] oA, NGFof
23l neurite2 3 A, NFkBo] A3l 2 CD28
Ao 2]t mitogenesis @ TNF-alpha = Fas
ligando]] ©}3} apoptosisT-& F=3dtt 55-KDa
TNF receptor®] cytoplasmic domain mutantE o]-§
gt Ao TNF receptor domaind X2 t}&
sphingomyelinase?} link &8 &FAsuch 4o
€ E9] neutral sphingomyelinasex= ERK cascade
2 pro-inflammation  pathway$} SZAFo] 3
acidic sphingomyelinase= death domain<l carboxyl
terminus&} JZAH Qloh

WAV 2 A £, F, 394 2 #AE
& apoptosis®} FHE o] g sphingomyelin path-
way$} #go] HuE 3 it Ceramide®] YA
< Fxud gojutn WA A8 A&t
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o] A% 1.5 Gyol U937 MIX&] AL 5 Gyoln
o]& M=EA apoptosis’} =5 LD50 §-3 (3
Gy)s} ©do] Utk Ceramided EAL  cell-
permeable ceramide analogdl &8} TFHEIT U=
] stress I+ 21 F A2 apoptosis 2 A9} £A}
8t 71748 HodF]th Phorbol esters= ceramide?)
enzyme A48 A8l apoptosisE 7FAA )=

W phorbol esterE A A3 Q) F) A ceramide
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apoptotic lipidE AJAJ3tc}. Nuclei-free membrane
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3. Apoptosis Induced By DNA Damage

AR o] 2]3 DNA £4+8 apoptosisE - 53}
I o)e IdUdE DNAJ) Yol & Agojx o
Z ¥ 4 Ut} Incorporation B[ DNA double-
strand breakE § X3 o] RE Aol ¥ldund
A2 ZHE] 5 base pair ol|A]
Yoy}, Incorporation® I apoptosisZ &2}
=4l DNA double strand breakel <]} apoptosis
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4. Induction of the Stress-Signaling
Pathway by Radiation

WAL 9 EE A LA 9] apoptosis AFHE
2 MEKKI!, SEKI, SAPK % JUNS X3t
stress-activated protein kinase (SAPK/INK)ol] 2]3] A
dojdrt WAl o3l fEE  ceramide:
SAPK #4385 F 5381 apoptosisE F23lgch
HRALA, Hy0;, UV-C, &, ¥ TNFalphat= ceramide
AL Z71A]7) 2 apoplosisE =5+ SAPKE
4433t} whHe] 2 lipid second messengerd]
1,2-diacylglycerol, arachidonic acid % phosphatidic
acids & apoptosiss, SAPKS] #Asx {Hxdlx]
o9t} Dominant/negative JUN 2 SEK1 mutantE
o] &3k AFolA ceramide T stressol] 2]3] ujY
5= apoptosis7} HAEE FEE 4 QUAch g
o} HEAE fxse AoZ ¢eizl CDIYS (Fas/
APOl) T+ TNFE 2]} caspase 8 = 10
ZFL initiator caspase’} ¥AJ3}E o] caspase 3, 6
e 77+& executioner caspaseE 3, 7 FHo =
g3t} HTo Hiao] 938PH  Fas/CD95/
APO1-& initiator caspase® 3§t acidic sphingomye-
linase 2 A 3b3}e] ceramide® AA3sta INK =
£ p38-K #43 9 apoptosisE FE=ICTT B
3ttt wARAe]  9]3k PKCdelta cleavege %
apoptosis’e. B 157 QlEH ICE like protease?]
inhibitor Y-VADd| oj3} ojeigt @Fo) TAHA
t}. UVA-L cytokine receptor®| trimerization =
activationg FE3tg ICE/Ced-3 protease ]
upstream % downstreamo] ¥}A}Ado] 2)§} apopto-
sisE fshed B3ty B35l t) Caspase-3
o ©]3l PARP2| cleavegeT specific inhibitorg]
DEVDH el o3 ZAgo]l ZAHA AL
38 58 <ol e AL ¥ DNA &2
postmitotic arrestE -F-4alA| W A% AE] &4
< caspaseE B3 HEALES FEFIC FF ME

& caspase®] HPAMoOl 2% apoptosisol A&} &
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5. Anti-Apoptosis Signalng
Ceramide mediated apoptosis= 1,2-diacylglycerol
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(DAG)/PKC pathwayE T3 43 ZH7I50] 3
O PKC pathways] B3 BAHe] o3 HE
Ate]  negative modulator2  2HE-3tet]  Phorbol
estere 92} 7}A] systemol] 4] TNFel 2}3} ceramide-
mediated apoptosis®] antagonistZ. 2H&-3}ch o
w3k PKC isozyme©] anti-apoptosis ¥F2-ol #eda}
=A< o}3 227 DAG/PKC pathway7}
sphingomyelin pathway®] oJ#] sitesl]*] ceramide-
induced apoptosis® A ZATE o]} FA}EHA
basic fibroblast growth factor (FGF2)<= endothelial
cellel] A WAl ©}3 apoptosisel] i3l oizt-g
< Fo] ZejR el o] BAoA alpha isoformo]
#ofdlti . B uE ek Phorbol esterT FGF2¢}
FrAFSHA AR ol Ayl B ok E§ PKC
7} inhibition¥] anti-apoptotic effect?} A}2}FTh
(Fig. 2). Phorbol ester® o] &3} 2% %<l PKCY
G413t "hAlAle] 9]3k sphingomyelinase enzyme
o] #FA3E JAst WARdel 23 sphingo-
myelin®] 7}E38] 2 ceramide AL A4AZ)
t}. FGF21} TPAE PKC¢ downstream®l MAPK
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Fig. 2. Mechanism of action of radiation. Radiation
appears to target bot the plasma membrane
and nucleus to induce two different signaling
system. Activation of different enzymes for
generation of ceramide is involved. Genera-
tion of ceramide mediated by activation of
ASMase induces “early-phase” apoptosis and
is regulated by the PKC pathway, while
“late-phase™ apoptosis is mediated by activa-
tion of CS, which is inhibited by FBI.
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o] ZolAE ceramide?} DAGY] 2}3} apoptosis
9} anti-apoptosis®+2} signaling balanceol] 3} A
&3t¥cy. WpAHel 9)§  signaling  plasma
membraned]] 9)3] A|FE7|E sl wAMA ] 23
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