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o] o3 #A3}=l EGFR-2 mitogen-activated protein kinase
(MAPK)®} stress-activated protein kinase (SAPK/INK) 5]
A% A% AAE A, FEAA A A% AL
2AsHA) D7 ol & receptors} B EA9) Z7l=
AE B3 Sg Furate” 8 o]g] dFel|4 EGFRY
715 Aol FXAES A TS Edve Al
F5 ik
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ool ARG uhehd AN BEAe GAAY
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AE7E Ael B =5 UE W EGFRE 534
MAPK A A A7 A3E 4 9k o] MAPK fam-
ily & 71 #A ¢8R AL extra-cellular signal-regulated
protein kinasel (ERK1)¥} ERK2o]t}. ERKI1/ERK2+ proto-
oncogenedl ras®] &) AAZH QAA3tE o] FA S
Rast Rafls SASA7|3L o] 73 MEKIE &4 347
], #4)3}%) MEK1-2 ERK13} ERK2Z Q143} A)71e} >
OIFJﬂ MAP kinasew A|ZAA-E z2Asle AA QAR
Elk-1 5 chofgt 714S QA3A 71 MEK1S] 7| A=

e ERKIJ% ERK2 Tro] kA ok o|gidt Apale
ERK13} ERK27} MAPK AZA| Al Z 238k &g g}
A& HoFr] ERKIERK27} FAof] #ols]= Aol
ZQ3 targeto 2 QA Eo{A 2 Qv Az Ao o3
2435 MAPK HZAAlE 1 7)12-2 obF] s 4y
AA ekgkovt WA WAS ZA G
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man monoblastic leukemia A3 of| A SAPK/INK A& Aol
93 apoptosisE FEshtT B aE ¢} o)gf Hil® =
Aol Polsl= A AAQ MEKI/ERK AZAAE anti-
apoptosisel] 933 3l ERKS} INK AZA| A Aole] F
ol ola) AL AZekAL apoptosisH )
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kO g C3H/Hel w}-9-A EZ9to 24 HCal, Fsall,
SCC-VIL, MCa-K g OCalo|t}. ok AEES upox o
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B3] o] Azte] Eke ARAZT: FF AXE AL
Ade BES JAIRA R Ho] 0.025% trypsin X 2]dt &
AZ AT AF| I Sweeney BEIZ FHAIA, T 4344
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obA| Ent AAgich FUAHEHE 4°CollA] 1500 pmo g A
158 A|AA JAET o 5]*2‘ o} ANEG-3HA et
AEL-3) =] A|FH 10 glol] trypan blue J A <F 990 plE 4
I o] 10 plut #Hslo] 1008 &7 &follA] hemocytome-
terZ A AEF Aslsich Aled AETE V2R
11074 AEE vk Bz Rl FABAL Fokel
QAL 2 2~33] caliper® ZA3lo] Basie] AT 8
mmol] =233 uf AHE Azt

2. HRAIM EAF 2 MEK |nh|b|tor Azl

A zA = X 8.8 A¥7147)(Varian Co. Milpitas,
CAYE o|&3le] FU4g AL dE e 55 A" 2
Aol mAs] 25 GyE =Astglc}. PDIS05Y (Calbio-
chem. San Diego. CA. USA)& 0.16 4g/50 18] 552 Fof
Bk 2 FFAA 7.5~8 mm 4 o YAA 141
LAY MEK 2] A A9 PDIB059E Fakel] 24 FA4, &

T 7R E 58 Aesick WAL =49 PDIS059 T°4
T A% AR A R vk s AFE ST F
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At ekEXE & Foko] FFAA 12 mm7tA AeEdl
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b=l Zele A7 73 Ao AR < (absolute: growth
delay: AGD).2. & 1}eligle}. 2=7}#)<=(enhancement factor;
EFE EFAIAA < (mormalized tumor growth delay; NGD)
& ARAALL R W gholeh EEAAADL P44
249 FEARE B4 Aely Tl AFAZ 12 mm
72 Aetedl Ae AZro)A] okERHS Helsl Foko]
HAAZ 12 mw7bA Agedl el AR 28 ghel
ol FoF AR AL 72 AT 7 8~ 10vkeElE VFo R

i

4. Apoptosis@ 7}

ARG 2H 2] ARE wAdel TAAAN shekso] E
w8l 4 ym A3-g wkEo] terminal deoxynucleotidyl trans-
ferase-mediated dUTP-biotin nick end labeling (TUNEL)S- ]
9t TUNEL-2 Apop Tag in situ detection kit (Oncor, Gaith-
ersburg, MD)E o] &3lo] AJefslgirt. Apoptosis®] 7}
4000 HEHE|A sel A ek 10004 AEH
apoptosis& Al s}oith

5. Western blotting

ANH g 2R YEE western blotiingS o] -&slo] p-
MAPK$} apoptosiset ¥ f4E49 wals 4319

2w
ok A 229 o | mm'g A7 o] QAL shAl(pH
7.4H02 33 A3 & 100 mM HEPES, 200 mM NaCl,
20% glycerol, 2% NP40, 2 mM EDTA, 40 mM g-glyceral-
dehyde-phosphate, 2 mM sodium fluoride, I mM DTT, 1 mM
sodium orthovanadate, 0.2 mM phenylmethylsulfonyl fluoride,
5 pgfml leupeptin, 2 ug/ml apro-tinin 5-& F3rst i 23
Aol A 147 Aelekde. o] F 4°Coll4] 208 7+ LA el
aho] whulo] galslo] i AEAE Ak A B
2 g-o8-2 polyacrylamide gelollA] A 7] o5 A]Z] & nitro-
cellulose membrane 2.7 o] FA)|Zc}t o]E 5% BAHF
0.1% Tween-205 E&3}+ Tris-buffered saline (TBST)ol] 2
A7 Bk Aelstn RARTA s 2 SRR hg 1
Z gAlE 247 Xe)skgiet. o) TBSTE A% s}aL hor-
seradish peroxidase7} Z = o] v 2% Az 147 A
2]dt & ECL Western blotting detection system (Amersham,
UK)& Ab-&3}o] luminescent image analyzer (Fuji film, Ja-
pan)Z band®] FE-g 2ZAIch WAEFe 7= den-
sitometry (Amersham)Z o] &3}o] EAlslgc}t. A% g
+ EGFR (Santa Cruz Biotechnology, Santa Cruz, CA, USA.),
p-ERK (Cell Signaling Technology, Beverly, UK), p53 (Ab7,

{

¢

Oncogene Science, Manhassett, NY, USA), Bcl-Xys (BD Bio-
sciences, San Diego, CA, USA.), Bcl-2 (N-19, Santa Cruz
Bio-technology), p21WAF”CIPl
Tubulin (Oncogene Science) T2 & AJAF]AIL FHSH
BEE ALy

o=

(Santa Cruz Bio-technology), -

6. Immunoprecipitation

9l 4+8t%) EGFRE #4sl7] 9lsto] $19] WhioR 42
Jul g Qo o 2 immunoprecipitationg A 3§+ ). 300 pg
of ghulA GG 5,99 ¢ Ev7] EGFREA|S T G-Sep-
harose beads (Amersham)Z. immunoprecipitation}$i ok A
2.2 U7t RIPA S3oio g 2w, oA ooz 1
A# 8 F 2xSDS (1 x SDS=250 mM Tris-HCI (pH 6.8), 4%
SDS, 10% glycerol, 0.06% bromphenol blue, 2% 5-mercapto-
ethanol) sample £+3=< 30 x1-& Yol 100°Coll A 557+ #H
o el wMA e polyacrylamide gelol A A7) dEA7)
% &}-phosphotyrosine 8} (PY20, Santa Cruz Biotechnology)
2 14 RalE Agetel 919 WHoR Agstan
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1. OfA SL0M p-ERK &3

5289 ul9s Zokoll4 Western blottings ©]-&3}¢7
p-EGFR#} p-ERK 9| bl ubs 55 zAbslgi). Fekd
upALA w1 7bAd 8- TCDSOE Vebd 4= glEd| TCD50) 28t
v HCal, FSa-ll, SCC-VII= ¥ WA Zoko & MCak,
OCaT: WAA A4 Foko i EFgrhTable 1))
Zoko) Z3ol wlel EGFRI} p-ERKS] Wl 5ol Aol
£ 1B9lrh EGFRE] whed 32 whAAl WA F49 HCal,
FSa-II, SCC-VIId|A] #ARA H17H4] E9kQl MCaK, OCa-l
Bt 2~2.50 A W=} p-EGFRE HCalollA 717
7] k¥l o, MCa-K, OCa-l, FSa-ll, SCC-VII 2.
wdo] i 7hadto] WAF G p-ERKY] #H FE
p-EGFR ¢ W& $F3} ujet A& HAckFg. D).

2. PD9805901 28t ERKS |

ub- 92 Zokol HCa-lol| 4 PDI8059 *&] ¥ ERK 24 o

Table 1. TCD50 (50% tumor cure dose) in mouse tumors®”

HCa-l FSa-ll  SCC-VII MCa-K  OCal

TCD50 (Gy) >80 74.8 =80 429 52.6
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Fig. 1. Western blotting analysis for p-MAPK in mouse tumors.
Immunoprecipitation analysis for p-EGFR in mouse tumors.

Fig. 2. Western blotting analysis for p-MAPK in hepatocar-
cinoma, HCa-1. PD98059 were administered intratumorally as a
single dose at a constant volume of 0.16 xg/50 1.

A& zAst7] Asted MEK 249 259l <1435 ERK
o] BolHeg uk3sle FAE o] sl PHslH in
vivool Al MAP kinase ¥AJe9] wWistE fEslr] a4
PD98059% MA@ 0.16 1g/50 plZ Zokol] A FEAslo]
YA tAo R FS A 3lo] Western blotting© 2
Ql4k3te ERKS] 58 £49319]c}. PDI8059 X&) 147
Aol p-MAPK ®k& 50| 2ol Hlsle] 0.5u] EolE
o] PE=| A chFig. 2).

3. PD980590H 28t WAIM ZtMd FIL

MAPK AZAZ AA7} in vivo wh$-22 Fke] wWAA
A5gel mAE Jge Yohusl Sletol whes 2 F
oke] HCa-IE o] Al3lo] ZokA) 7 Aol S Fdsloic) iz
-, WA 2AE, PDO8059 Fol F, MM ZAF 15E A
PD 98059 5o F, WHAA ZAF 14]7F £ PDI8059 S0 F
o] A¥Fo g o] ZokAAS 24319 tl PDIS059E

_I%jqa] x:].li_g‘i.‘:_ z%;ﬂx%zl-x]ﬂo] 0797 5 aio}
R A191o] ERIA ket el} PD9SOSISt A
2% 23 A3 A7 PDIS0SIZ 155 A A el FollA]
7.5 mmol|A 12 mm7} ¥ A 7bo] 13.26%Y, 1417} & A g

°$

Table 2. Antitumor efficacy of radiation, PD98059, or a com-
bination and PD98059 in murine hepatocarcinoma, HCa-l

Time (days) to Absolute Normalized

Treatment grow from  growth  growth Enh?;iilfent
75 t0 12 mm  delay delay

Control 552+0.25

RT 9.9+0.55 438

PD98059 6.23+0.34 0.71

PD-RT* 13.26+0.62 7.74 7.03 1.6

RT-PD' 14414067 889 8.18 1.87

Radiation dose was a single 25 Gy exposure. PD98059 were
administered intratumorally as a single dose at a constant
volume of 0.16 xg/50 ul. PD98059 were administered 15 min
prior (*) to or 1h after ( ) radiation. The absolute growth delay
(AGD) was defined as the time in days for the tumors to reach
12mm in treated mice minus the mean time to reach 12mm in
the untreated control gorup. The normalized growth delay
(NGD) was defined as the time in days for tumors to reach
12mm in mice treated by the combination treatment minus the
time in days to reach 12 mm in mice treated by drug only. The
enhancement factor (EF) was calculated by dividing the NGD by
the AGD.

TollA 144192 2] £FAA Aglo] 7.03Y, 8.18Y
2 7 AT BRollA AR AdE B ke
WAA ZAT %Y A2l AGLoIA kol o2k A
A A S SAATE AYgHAd 5 e,
PDOSOSOE WA ZA 158 A3 AL 24 LT F
g APl FAAF7E 242 163} 18722 o
elykch(Table 2, Fig. 3).

4. HAMM ZAIRL PD98059 E8t MElA| apoptosis §

el wAAl ﬂﬂ % W2 FAAIES] apoptosis
olg] 714 7]z el Al AR = o
Z7}& apoptosis §-EZ7}ol] <3}
© g PD98059¢} WhAA 2AL B3 A
2] A] apoptosis®] HWS}HE Al

HCa-I= WAl 93t apoptosis £ 7ol W4 &
Eflo], 25 Gy WA 24 A H X 4217 Al 1.4%3
3L PD98059 5 Fof Aol 24A17F A 0.9%9] HHX &
Bl 2} B3 xelFdlAE PDs0sO A X gl
A 4AZE A 49%2] HUlXE o, & HelFolA 12
A| 7} sl apoptosis F-E o] 5.3%2] HUX 5 K

HhAA ZA) PD98059 BHE x4 Kk whAbA zAe)
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Fig. 3. Growth delay murine hepatocarcinoma, HCa-I1. PD98059
were administered intratumorally as a single dose at a constant
volume of 0.16 xg/50 ul. Growth delay analysis for (®) control,
(©) 25 Gy single dose of radiation, (v) PD98059 0.16 g/50 1,
and the combination of PD98059 and radiation, where PD98059
was given ( v) 15 min before radiation or (®) 24h after radiation.
Vertical bars are standard errors of mean.

Iy
6_
5_

Apoptosis (%)
w
1

0 5 10 15 20 25 30
Time (h) after treatment

Fig. 4. Induction of apoptosis by (0) PD98059 0.16 ng/50 12, (@)
25 Gy single dose of radiation and the combination of PD98059
and radiation, where PD98059 was given (v) 15 min before
radiation or ( v) 24h after radiation. Treatment was given when
the tumors reached 8mm in diameter. Vertical bars are standard
errors of mean.

PD98059 53} X 2] A apoptosis FS57}F okale] Ebg]g)
th(Fig. 4).

5. dALM EAL PD98059 £0{ ¥ =& A2lAl apop-

tosis =& QIXlQ| W3}

wkALA z A8} PDI8059 -3} x| 2|7} apoptosis 274 <l
Aol WA AR Yobnsl Astel WAL 2AT,

I: Enhancement of Tumor Response by MEK inhibitor in Hepatocarcinoma

Fold increase

0 T T U T T T 1
0 5 10 15 20 25 30

Time (h) after treatment

Oh 1h 4h 12h 24h

Radiation

PD989059

PD-15min->RT [

RT-1h->PD

Fig. 5. Western blotting analysis for p53. Densitometric analyses
are plotted for (e) radiation, (©) PD98059 treatment, PD98059
was given ( v) 15 min before radiation or ( v) 24h after radiation.
Vertical bars are standard errors of mean.

PD98059 M|, 3 HFelA ps3, p21" g
Bcl-2 family (Bcl-2, Bel-Xp, Bel-Xs, Bax)9] wbd & HA
Sich. WA 28 PDIR0SO HAe T A7 24
WAA 244 1584 PD98059 Foit, WA =4
I PD98059 ol o E ol LA Aj7E 7+
Zok 279 2 s|lo] Western blotting .2 #+-2-319] ),

25 Gy WAA =4 3 ps3e] B IAZRE St
k7] AlAbshe] 24708 A eEoR 35T AE
shick. PD989059 HelollA p33 HFElgh wha #at
Yoz ekokrh. 1} Hgk A e|FollA PDI8059 X A e
T 3 Al Bl A 244177k dlzsel] Bl sl 2.74H,
3209 =& W FFE FABIGCE p532] wdo] A e
1A ZHA| 5] ik Z7hE slod 24R1774A] A EEE Ao
2= 9 ch(Fig. 5).

p21" AT o) w0 p53 ubd W Blo} fARY ko &
5] PD98059 X A g|itol|A] WFAAA ZAFF-o|v} PD98059 A
A7 nlaste] 2 WHTTE EIow 247047
32u9] w2 FES A Ao ® UEKTHFig. 6).

>
foAL rlo o8 M
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Fig. 6. Western blotting analysis for p21 . Densitometric
analyses are plotted for (®) radiation, (©) PD98059 treatment,
PD98059 was given ( v) 15 min before radiation or (v ) 24h after
radiation. Vertical bars are standard errors of mean.

Bcl-Xs= 25 Gy WA A PD980SY BHE X2 ol

A FElgE W3kE HolA| ghotont 3 Xg] FollAe
A AelFollA] 47k bzl BlE] 1938 S74E KBS
ow I HeFollAe A7 Fof] 183u]e] F71E B
(Fig. 7).

BE ATl Bel2, Bel-X,, Bax: gl uksl i3}
£ HolA ofgke).

l:ru

£ F

F X 5ol A WAA T gkt oFE2] Bl %]
A2 A} 7] 7]

1eg olgeol F
APReE? QA 7qke] Aol ALE R g o
2 1-’5 5-fluorouracil (5-FU), adriamycin, cisplatin 5]
N Ao, ok TEe 44H e Al 2
=] Pt 9&‘4’-33) THAQ] Fok wheE FES] A4 1
AR K5 dA Aoz f83HA AgE F e
kg ZE A7 2AE FHojA 3 Qi

o]o

L.
=

o°"

3 -
8 2
o
[
5]
k=
i)
[]
[V 1 J
0 T T T T T T 1
0 5 10 15 20 25 30
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oh th 4h 12h 24h
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PD-15min->RT
RT-1h-> PD

Fig. 7. Western blotting analysis for Bcl-Xs. Densitometric anal-
yses are plotted for (e) radiation, (0) PD98059 treatment,
PD98059 was given (v) 15 min before radiation or (v) 24h after
radiation. Vertical bars are standard errors of mean.

PD98059[2-(2’-amino-3’-methoxyphenyl)-oxanaphthalen-4-
onelis MEK-1§ Aejze2 ofalelo] MAPK®) Ql4bs}s}
DAIHE AR MEK AAE ol FA A
A% © 2 human squamous cell carcinoma cellol] 4] PD98059
Z B3 AfAA9}, PDI84352E AE-3l colon 26 carci-
noma®] Z<k AR Aodd] T3k Bust gied

T Tl Aeke 27 MAA X2 Gl mig)

B2hElx) Faglony, 22 AN A2} k] 445
| AR WAL e 13 B S
el el el 951 90 Rk B Aol AL
it HCali Al 29kt 4 9 7hA) 54
= 7}137— ek WAL ZpAdo] da, Aol A HH,
Zoko] AL Eohe Holth M o] Foke 50% Fok
SEX) A ZH(TCD50)0] 80 Gy o] grolw WAl 2|3t apopto-
sis®] FEFFo] Y2 WAL WA FdeE gElA Y
o} 40 el ub A 249} 5-FU, addamycin, cisplatin 5-9]
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Dlgé‘ L AXA

Ed s
T4 A9Y A7, PD80597} HCa-19] AN 7454 S
Zger FAAE Hel Fuh WAL =4
PDI98059 wh= Xelgto 2= Fyldh £kl g HolA ¢
ot B3 Al A FHAASFER7E A AeldellA L6,
T AeldollA 18724 WA 2 A9 PD98059TFS] AFS
Zgo] TRl fag e grp= Aol AA
HArt ol AFHAQ AFollA 445 MEK o A|A)<]
SEY U2 550 PDI805IE Agvte] o> Autg A

eke] PDIS0S9IE o] §3tel AN WAHE ¥ F )

©:

S HaAY & ggda”
WAL 542 F7HE apoprosis FEZF7}el) ool o]

Fold 4 glormF PDI8059SE WA =A Egkx gl
2|8t apoptosis®] H3H-E IH-slich. TUNELE %38+ apop-
tosis Al Az, vbAA zZA9 PDIS059 E3F g A
apoptosis +5 S71E Ktk 25 Gy WA 2AA] FHa
)& 47 T 1.4%93 PDIS05Y ThE Fo] 2] 2447+ &
0.9%2] A& etk 2o} 53t 2] A] PDI8059 A
Aol Al 4A 7 F 49%9] Hux & Helow, & A
TollAl 12417 ¥ apoptosis F-E FFo] 53%9 X E
Yol 59t AelFollAE apoptosis7t A Z7hgo]
=it o]eidt 7= PDI80597} apoptosisE Eaf WA
A e FESS AR ol: in vitroolA]
PD98059%¢l 2|3k MEKS| A7} WAL ) 25+
apoptosisE F7FA ek A9 AntEa dx]3e
24 49 s W WA =49 PD98059 B¢t
XA ps3, p21" ! Bel-Xsoll 4] Fel3l Wshr} )
At pS3E WA e 2AFA 1A RE Fols)
of 24A1 7k RE) 3 EE 7] AR ubi Bg X d-ell A
= PD98059 A Xz ¢# & Azl T4 244 7H71A]
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— Abstract

Enhancement of Tumor Response by MEK Inhibitor
in Murine HCa-l Tumors

Sung Hee Kim, M.S. and Jinsil Seong, M.D.

Department of Radiation Oncology, Yonsei University Medical College, Brain Korea 21 Project for
Medical Science, Yonsei University Medical College, Seoul, Korea

Purpose: Extracellular signal-regulated kinase (ERK), which is part of the mitogen—activated protin kinase
cascade, opposes initiation of the apoptotic cell death which is programmed by diverse cytotoxic stimuli. In this
regard, the inhibition of ERK may be useful in improving the therapeutic efficacy of established anticancer
agents.

Materials and Methods: Murine hepatocarcinoma, HCa-l is known to be highly radioresistant with a TCD50
{radiation dose yield in 50% cure) of more than 80 Gy. Various anticancer drugs have been found to enhance
the radioresponse of this particular tumor but none were successful. The objective of this study was to explore
whether the selective inhibition of MEK could potentiate the antitumor efficacy of radiation in vivo, particularly in
the case of radioresistant tumor. C3H/HeJ mice bearing 7.5~8 mm HCa-I, were treated with PD98059
(intratumoral injection of 0.16 xg in 50 wl).

Results: Downregulation of ERK by PD98059 was most prominent 1h after the treatment. In the tumor growth
delay assay, the drug was found to increase the effect of the tumor radioresponse with an enhancement factor
(EF) of 1.6 and 1.87. Combined treatment of 25 Gy radiation with PD98059 significantly increased radiation
induced apoptosis. The peak apoptotic index (number of apoptotic nuclel in 1000 nuclei X100) was 1.2% in the
case of radiation treatment alone, 0.9% in the case of drug treatment alone and 4.9%, 5.3% in the combination
treatment group. An analysis of apoptosis regulating molecules with Western blotting showed upregulation of
p53, p21"**"C"! and Bel-Xs in the combination treatment group as compared to their levels in either the
radiation alone or drug alone treatment groups. The level of other molecules such as Bcl-X., Bax and Bcl-2
were changed to a lesser extent.

Conclusion: The selective inhibition of MEK in combination with radiation therapy may have potential benefit
in cancer treatment.

Key Words: PD98059, lonizing radiation, Apoptosis, Hepatocarcinoma
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