ABDFATAY A%B A

i

(RAH T : 0s10270)

A3 A () FdAde] 4 gesd w5t o AP

o 3 A (<) Relative Biclogical Effactivensss (RBE) of Proton

Beam

FAHAA 2w




(58

1.

o] mmAE FEgAH sBuAdT
Y AR aA YU

of BuA WEE 88 welx WEA
FEGAE AT EAFYE B
Fuo

Bern

EE Lrrdoedd

12 BZ ZEREIWa

T = oo ot A




of BN E 2o ad ALY SR AIH ] AdA M3 A aIje] digt

AT HAY BHFRaAZ ASFYch

2008 12 31

oA HY A 2RI



& e

e
2

AFAY Y HFRE
AFAIG Y WE E B
SES-ENEE R 0-F

APH} L RERAE
A7A%e] FEAH

kI

b=
T

3

'l

T -

A

4z



< 5. 2F

QO | HHHS | 0810270
Rt Fdad o YA AE=SE mEd izt A7
(Relative Biclogical Effectivensss (EBE) of Proton Beam)
Bl oed 1E 18~ aoosd 128 a1
A2 2l =h | LFEE | aoed LB 1Y~ 2o0ed LB sl
@) |zE ] 20073 18 19 ~ 2007 128 g\
FE T Do 1 1Y ~ o 128 a1
A 2T 2O =265
PR T - TeRaE
Az 5 031-0820-172D A 39 Wwancho@noe,re kr
= | 43 AE=E ma bR
01 Tho] e gt 42 T3 ddat
Zapan Belative Biological Effectiveness (RBE), Proton Beam
$a7=E
e

TEEAE  dab A" fdabdE dHE AEEE ER (elative  biclogical
sffactivensss: RBE) S3 S S3F P22 ks 52E a4 A2

<FidE SE>

- Hd3HH i vivo REE §3

- o HH A5 Holo| O RBE HE R 53

¢ d7uE ¥ 9
ZHUAHA s g2 c 2 H2E sdEd HaEEd o258 a 3S sRdat
e AESEE WAEEHE SPH4H (equivalent dose) 2T, OlE cobalt-60 X B2 F
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ol if 7 HFE Fdak FFHT = RBE (elative biclogical effectivensss) 2 2422
Hab Tk BBE i€ BEE A8 ae A2 A A2 Sloe £33 544 BE
UdHez ol25E fdake RBEE 10-112 E0H, RBEE WAbH= =7, WM F
FHT EREE W, AR A2 (biclogical system), A F DA E HE EEEA
o zpo|zh M 2" oE NEE Add Ylses Fdakdd st BBE HE2 530l
o 2 e SRYHHE FEAEE HEE ol Eats in vitro systemZ mouse
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Project Summary

Titlea of Project Ealative Biclogical Effactivensss (EBE) of Froton Beam
Koy Words Ealative Biclogical Effactivensss (REBE), Froton Beam
Froject Leader Che, Kwan Ho

Asgsociated Company | Badiation Medicine Branch, Wational Cancer Centar

Purpose: Estimation of the relative hiological effectivensss (RBE) of the proton beam at
tha INational Cancer Cantar Froton Therapy Centar in Korea (MCCFTC) iz requirad
clinically for the treatiment of cancer,

Materials and Methods: The proton beam was fized at 190 eV with & cimn spread out
Bragg peaks (SOBE) for sxpecting most frequent clinical ceondidon, The EREBE was
pstimatad from the survival of human salivary gland (HS33 cells using the rraditional
colonogenic and MTT assaws, The HSG cells were irradiated in a cell-stack chamber at
a defined depth and monitored for survival to  identifyr  swhether the characteristic
depth-dose profile was observed  I[n addition, wwestern blot, FACS analysis, and g-H2AX
stainingd werm performed to assess cell cyele armest and DINA damads, The BEEBE was alse
estimated from the survival of mice crvpt in jediunum of wild tvpe of C3He mice and Chhd

knocliout tmica,

Resultz: The EBE of the NCCFTC from the cell culmire was estimated to be 1,024 +
0007 and 1043 = 0023 at the middle of SCBP using ceolonodenic and MTT assaws,
maspactively, Further analysis on the biclodical response of proton expeosure revealed no
diffarance compared to conventional X-ray treatment in swestarn blot, and FAICS analysis,
The proton hbearm of the WNCCPTC alse exhibited the characteristic depth-deose profils,
Interestindly, e alse found that plawau redion showed the survival pretecton in
proportion to physical dese msulting from DINA repair in sub-lethal dose exposurs, The
EEEs of the WNWCCPTC using the mice crvpt were estimated to be 1,10 and 1,03 at the
middls of SCBEF using wild tvpe mice (C3He) and oA bneclout mice, respectivaly,

Conclusion: The REBE swalues of the WCCPTC are cotnparable wwith other proton thermaps
facilities swrorldswida, The determined BBE of the NCZPTC is assidned as a walue of 1.1

for the mepresentative clinical RBE swralue,




1L A+AHe HE3SE
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Hhabdol dE2H HE AHEEH ol W2 = AEoith A2 33k HAzY W
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A2 Hdl ZE w-rayd H3E Fdabd e A AEEE B3 (elative biclogical
effactivensss: RBE)S HZo| ¥ cfof ot WaAbde FEFHTFY HHE Gray Gy =
jouls/kg)?F E4 AEEHEW, ol IRE TE x-ravyH 2HIF EeHd3o|h G710 RdA
= S-dabst Fro| Bhabd e 27 ERAE 22 S iRt A=A Eate mpo(zh gle
H, o/ = vlazr Fid M= Ea RBE)E MYEol EaR&4th BEBEE Dxz-rav/Dr 2
FAEHH, 2 553 A= ERE A7 A, B R x-ray A Dx-ray)= BHAE ot 04t
= OE 7 AT Opeg U dHlgolt dE 9, &2 d=3 E3E H7 Hd
z-ravE 10 Gy7t AT, FHAFEER 5 Gy7t T RSO RBE £ 2 (10 Gv/ 3Gy = D7 ¥
ot metd REEZE z-rayit OFE, = 10 ofd BEARHS A2 l_143|*’&!' Z-ray STFATeE H
et E7HH 3 (pquivalent dose)® METH HA, o of &7 4= EF4HY = REE) & 24
L= #HETH oE 29, dE SYE SHAEEER 5 GyvE ZAERID E47ke RBEF 22t1
At SFRARE 10 Gy (5 Gy oz DZFF Foh A BN HI3EHE {5 g4 SRR
o, ol £ cobalt-80 X B8 FU5F CGE (cobalt Gy squivalent) T+ z-{dH2eT U5 GE (Gy
squivalent® AEFCH EE ddEo® o2 s YdAe BRBEE 1.0-11E HIEn gleu
EBEH d3e & F & dazs Wb 25, whabd E543 2238 U, A= A
2B (biclogical system), 2ESDAEE HE 2R (end-peint), S0 2Tk T=lY REBE 3= ™
o ARtk 2 ddA ®2 B o d 253 40/t RBEE 3ot A2REE 3H A
EE oE2dMd HAESE in vito system 2F omouse intestinal crypt ME Y TE bislogical
gysteme 0| 28H HEEE= in vive system 5 R ZF 2lTh

B. O+WYH

1) in vitro system
A) 4 E Wi%F# colonyd =73

als
|I|I;|I ‘I:"

pal

in vitro RBEXY| AF2¥ H3G HMZE €& Scheme of RBE experiment
2 Human Science Research Besources Bank
(Csaka, JapanyHAH HEFH el o H=zs . .
FIHIIEEEII
DMENM, 10%: FBS, 100 units/ml penicillin, 10

TFlank
ud/ml streptomycin (Invitrogen) 2 i3S H L‘E%Em
A wiEsith HEE 25 am® EEtASd R T
10° calle®] HE2 A2 5 Hhupd ZAFS Fe w Water Chamber \
o}, o E wypsin 0.2 22 HEE B854 NMUIml
Flxh
#H Z1 coulter counter (Beckman-Coulter) &
Mz2 #8 Hd0 2 60 mm w270tk 160 . o :;32 —_— {L_‘_,}
Mel HZE widasich o 2 F3he Az v Repiina 0 casg
GDF_E_ %EH :r_'||- _,H]_T';_El CO].OﬂSrﬁl %,&é Elﬂ%zl% 3 desipainl

mathancl® 178, Giemsa (Fluka) -8 o2 FHUHFAULH colonyE 20 o2 HEz= o2
colonye surviving colony® FH D ZF dosed HEHEHE colonys F£ ZH2| TE i IF
2 FE FHFe® | F4 A8t
B) MTTZ 0| 2% cell growth determination assay

1‘41} S BhAbd ZAE HSG colle 107 collimle| EEE 24-well platet] 5¥ I O uj
43t £ HEF Hanl's balanced salt solution (nviteden) T MATF £ MTTEY 05 md/ml
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MTT in HBSS) oM < 1-247F 59k AR A0 U=zSs widdth ox 47 MTT
formazan crystals MTT solubilizaton 29N (102 Triten X-100, 01 I HCL in isepropansl) &
2 #34 =9 gpactrophotometars AFETH 570 nmab 890 nm TR M2 EHIE HUE X
He e He ZE ) E AE SFideE 3

iZ) Depth-field survival assay

HA hdabds HEdd Sz dold oet Ssd3f g45H tEns Zdold oE 4
E AEEE (surviving fraction) HHE £33 o/ F £F 7 -|-|UHf’\‘| HEE E2 thermanox
thin plate (falcons AF 25 mm, FH 1mm)H 200 & iz O o=Sd 20008 plated
‘cell stack chamber"2td & S¥E DFE acryl 227 (O HH 2 mm HHeg BEF
serume Eote HAE MAE 3 iRt £3 d3FE FdAE ZARF ¥ chamberZ 2 H
plates s AW HEZ oA HFEH colony F-4 5 (colony forming ability)e &3 3HTH

2F 10-142 FH A4 colonys = HH HE 285 Hatoh olE2H 5t Hold T2
HE=E colony W4 54e dlud| 2H 537 Holdd HEe AE0 IF6 BHAE A ¥
+ e doth o FdAHE EE=E 4 B0 = (bragg peald® A &sF Slem,
HEs Soatd Sdazt B2dde o FHA Htle o2 "4 FEdeEd yeiys o
o o,

HSG cell® 35 mm diamater 2 Thermanox plastic coverslip (Munc) ] 10902 MEE vy
st = obell O3 FHo| coverslipS coell holder® AFETHH coll stack chamberd FrE| &=
ot £ 50002 TE depth® H3G celle cell-stack chamber EatH 190 Me¥V, § cm SCBP
MEH A physical dose 3.5 Gve ZAF ST A THE Y2 colonvEHD FE W e 2
depthHl THE colonvd 8 &34

P T Plaring HIG ,-_1 ey
el - ‘. S

Cal| Stacking Chamber Eoyrgee ) it Ln:--:w:lrm
R iy \ el e
Preton —
Bean = —
. Stacking Chambeor

Remaving
Cll hakicr

Tiyp=in _,__.___ @‘:’_'_
Oigrsdan ' _._,/ ljzek:

Rapla.thg n £ omnring
Cuthire sh Colmmy

Spucer (24 mm)

Call Holder {2 mm)

D) 7Iet 4=z FHY

MEWE DNAZEE EFG7 4l MEE gamma-HzAXKH Sol&EH A (Can
Signaling Tachnology) & AFESH FZEAE A9 F3ich ozl Whabd e zabe 23k A=
Z7 2EE <ote? 4al Western Blot2t  flow cytometry=S AEFH ME F2| 245 w9 F

Tk
E) RBE &3

47|13 HEFEE o|28H gpread out bragg peak (SOBPE 6 cm YH| 2 FH G <fd
AHE BARMDE H97E7 8 MV X-HE WzPez of2zth ZHMEFH tHzt HAE=SH

-q1 -



(survival curve)® H2| Ho HMEF= Wabd Bl2ed o2t 0, 05 1L 2 3 4 6 Gy E= 0, 2,
4, 8, 8 10 Gy 4 d HEEES F3ch 220 2 HMEzF JEISHES o/ E5H REBE S
&gttt Mz AE EE (cuwiving fraction)S 01 (I030E YEE HATFE DyE F= gk
EBEE DowDop = HEED, H7| 4 Do 6MY xd H3F0[ 0 Dy 3Pd a4 3ol Tk

2) in vivo system
C3H/He A8 AMzM 5 FH 2% Gejunum)E ¥ o2 A2 ZF gectiondl M 2| Y RaE
cryptd ¥ S48tH RBE 42 HEMH awvprd #F VR 2 H43FE Do Fstth
RBEE Dow/Dop & H-4atD, H2[ M Doe 8MV xfd HH0| 1 Dope d AHd ol T,
REBE2 &3 £ 7F EE€F0/0 AT mouse intestinal crypt A E FHE ES3FFE in
vivo systeme 0| 25tH RBEE £33
A) Fo WAH z A

Ha whabd ZAE fal otelet Fo| E¥E nbE Ed HE DD AMEA I £
2% Gejunum) € AHotd €8 Hol2 AED 2 zectiond M EMEE cryprd 82 £ G0
EBE it Habsroh fdibes == 7H dHs AFSEE 190 MeV, spread out Bragg peak
(SCBP)Y| 6 cm WBIZ ZEHSH PYAE ZAF HF7157] 6 MeV X4 & THEZLE 0
25t HE= WAEd 3 HE2H (swvival curve) 2 H7| ] WAL BiZed] o) o, 10,
12, 14, 18, 18, 20 Gy HFHAH Z8€ P50 MEEE (swrviving fracton) € 01 (Q0¥0E
ZE H4HE DwE FHItth BBEE DDy & H4MstD, |2 Die 6 MoV X Hd¥ol 1
Dige g 243l o,

In vive RBE sxperiment
Mice Strain: CIH/Me, Female, 10 weeks

2T Noving-in Mice 3.5 day Jajunun
* L= 3 day settle down irradiation Euthanasia  Crypt assay

Irradiation: 10 = 20 Gy, § pionts, 3 mice/points, 13 pieces/Jejenivm

Mice erypl

10 Gy Tontrel

20 Gy Irradialed

B) WhAH Y2 83 A Knocliout 1M A~HA 2| RBES &3
Wb w25 v g5k dEx A 22 stuz o g2 2HE |y 7R F3 5t

AR dbERdEAbe] EdHolE AR Hxf RolE T FRY man HATH o2
EHHo|o 2af Fdxke RBE <8 HEZ S S48 Buxr o oofgth AR HhARd g
frE0 EdHold T WaARH e d=o| FR3 ARERE FHolE HolsXE ¥ F Y
g3 F2ee Az ofF A A ®Ad LR d7ade ERan s pi, Chil,

rr ap
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ATMZE £3z7F Eold#2z EH Ho|H lhnochout mice® 0| E2dH Hak T2 vHEHE Z4
D10, 2 RBEE S4dod 4% vl o 20k 3

3 93d3 nEtu As
1) REE A& §7t A~ =2

EBE 23+ Z3t 35< 1483 whapdAdg=te] gt Fopoloh 2 dEHlA ARt B U
Aol d29] GHRMNA RBE §32 ddd AE&E -ﬂﬁﬁ/’\‘]% vtc] 2530 2Foln, FHE
Sl dxaH o= :""3'|'3'ﬂ OEg Mz HEEE
(surviving fraction) HEE FHE E£Fa= 72 18 A& °'0| 0|'L11:|' o|lg TEAC R S
7] il 2 A92HAlAE 1FE 5] Y24 NIES (National Institute of Radiclogical Ressarch)H
AFLHEES TSt O3 #APR3Z ol Tsukukali=hE PMERC (Froton Medical Research
Center)MAH WalZl £ & vitro and in vive RBE &3S FEFES 5 121 NIRSE
Furusawabdbil2l ST T dopth fleld distributdon= E£3%F F 2= E¥E 39H el stack
chamber® P25 SangkidZrAd] M2 =2=Z6hd DUESIth ET v vive RBE 78 JE7H
Guau].attaH"J\I- (Catholic University in Belgium) & W ad old izt 2HS Fasich olg
= APAEZE AFE S Fd2ke RBESE WA d izt oldlE =€ + Udth

2) Hixg o5t HYHY P2 RBES 53

ik Z R Ho ABE H3G callE ¥ 22 RE da)l A 5AHE REE £3H AEE A
E5E ZHYAHAAS £ RBE E2E €A oE 7@z vln AN F£ AHE R ok
L ZE o] Eate] & 33]e] ERA HEE Eof TRYAH e REEE £34I0 REEE
ardabd s EW F SCBPE E7F 3 (mid-SOBP) (18 cm depthy & B2 FAYUR G am
depthy & 2HA SF AT 0|0 entrancedd ZALE £ physical dossd U2 mid-SOBPH
o e 751528 AT ALE FAFSC ofef 23 2dAM UEUR SEEHA®E Dy
(10%% survival dose) 2 44 2FE mid-SOBP?F 470 + 021 Gy, entrance?} 473 £ 0,26 GvE £
HAEHA oY X-raysd Diee 481 £ 023 GvE ST o &8 H4E RBE: mid-SCEP
HA 1024 = 0007, entrance™ A 1,021 * 00642 UELSHCEH of &35 E HubdESl 4Fdats RBE

Summary of RBE Experiments

1.1‘\-\.\_;
%
g \ik_\ D, of Survival (Gy) RBE
= b,
E \f\ A-ray SOBP Enfrance SOBP Entranca
wooai Wl
o \\ 1 5.084 4,951 4677 1.029 1.089
2 “,
= N 2 5.008 4871 5.203 1.028 0962
= N
s "\ 3 4.354 4283 4.299 1.016 1013
0.0t | : 1l
i) 1 2 3 4 & [ 7T
SUM 481.023 4701021 4731026  1.0240.0007 1.02110.084
DOSE (Gy)
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2 10-11Mold EZHEH FY HEFE S e €28 PdA FAEAEl RBE F24
10342t 1% 8|3t SHIE BUoh ok FHUAH e Fdak A Er s HER 4 RBE
€ 7t=ln glen HE=td mote dfe| Azt vlady fARE e 2

3 M E23d Ao FH22l X-rayd] Hld

Ose® Waibde 28 E2 Fdake depth =laf AE=HE G5Fol =o[7t A3 #
o2 Ha H-ray, FH32 entrancet mid-SOBP 37 f#%ﬂﬂ)d AE=HE A3 HotE7|
Hote western blotZt flow cytomeuyE °2otH =Ha ESEoh oftst Fol DNA damage
repairdh call cyele redulation™ HHEE phospho-A8"(threonina }CHEZ,
phospho-807/811%zerine)Rb, BbH So|H¢ T E AMEdd olg WHIA DS Yob #3-20f 2
92 I K2 ZFRRE spo|Fb UERER] ESETH ERF flow cytomewyE O/ SThd S3EE 2
ME2 call cycleH M2 2% E3F 70| 7F €& A2® Hob ofF FH cell cycls arrest® EHEL
AE=HE ol gl Jee 42 HO

_I_

Entrance Mid-SOBP  X-ray
C IR cC IR cC IR
e . e e | e meew | pCHK2TG8

— e — — -! PRb Micaaae
—————— Rb or - L—L—-
“. a-tubulin . | I s

4 HERAAA 2 MTT assay= Z3F RBE® &7

19—
F—ag o
®

s MIk| A8 FHH ““UH v1ab1].1t5.r?-|- cytotaxicity
% 2 &3] 2| AEEE MTT assay® ASate b4 2o
b Mo RBEZ 23 BT MTT assay® Ab2Ho 27
_ S| ¥ YRk mid-SOBPOIAM S RBEE 149 * 00%E
] \ colonodenic assavye S EFFH Fx & 24488 245
!_| ol Hols e 230 54 ozt 42EY o s
T eRMapel biclogical effectivensss® Z2HH £E23F & £

HAolzt MbE )
5) HEZQA A Depth distribution =7

SFEzde A miEAEY 28 FERA 50|18 depth-dose profilke FHUHE YEat B
F|AA H a2 #Hal cell stacking chamberg AEEHH depth TE HSG celld swrvivals £
Hat] Herh HAEUHE ol bdab 3 B7 ER7|EL UWETRE sEeR 20 omd
bearn rande, 190-IMe¥, & cm® SOBPE “standard treatment beam”0|2F FHD preclinical

MTT .y o (% OF coniiral)
o

DOSE (Gy)
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hiclodical assessment® A SHch 24 P1904 cm SOBPHAM & dosimewyH 2d HEFH
depth-dose curve2 SHEZ AE=E =FHdHT HHEIEAE PorEZ| HWM cell-stack
irradiations T pradefined depthtlA colony formatiens™ S & atsich oftle JZHAM U
Ett 22F B fdate 28549 SOBPP =+ fHFH FER 37 R UEEE ¥
2 SCBP ol 32 JARE Eot: AT Y Us distal fall-offt HFHTH I0/FHE A
physical dose curveH bislogical survival® fitting Al 3 H2H2 1) F 715 E3WHo| =22 43
TE HolU THEHA cell survivald] FHI dosed BlH&M o UL surival® EHolE o
23 T =0 ol sub-lethalzt x| FAH 2al of B2 Hzr O s &3 Hols A
£ 2 A2bET]

=
st i
_‘I
L2
8- |
s |
[ -
- ~
| e e 3 J
S .\_' |
-E anl o, : '. - (]
at \S‘-*.--):F.-”-’-"
20 308P
1150 — 290 miam)
a :
o 50 108 150 200

Depth In YWater [rmm)

| i S
o el AFEED & histone-ZAXTHHE o SIME (gamma-HIARNE F£ 24N 5
dotd BESE o SCBP 2E F 2 omA & HAHAM UEUYE gamma-H2axS 2 W& HH
UEtUH da WasE R #8 222 v|45 FE 23T Tty of & 4 ZHUAH
2 afdab ZB82lE dbdar So/Ee W Sd4E nF 2R e AFEI AEEHE EuE UE
H o sle ol ol4te dEHE EA USHAUAD

6) 0k~ 4402 RBES 57

II':'
af4

ko] Ii= Mouse Jejunal Crypis2] 4ES RBE of NCCPTC from Mice Crypts Assay
8 owel P Bi%ray Absorbed Oose {Gy]
g 5 & Ercton
4 *m:“;»-.. Surviving Gells i1} Proton A-ray REE
3 \xhé""
s i % P e 100 10,71 11,36 106
:E \.\l“‘\-.\. '\..\_\_\_h.
o e, neiy o
8 . S0 11.90 12,86 1.08
=] T s
=z M TN 20 13.45 14.83 140
g
a 10 14.65 16,231 111

nis 10 1z 1 16 ™ 2 ] 15.85 17.82 1.2

a.. Mg falunum endgrz (o 20 ger elreumiaranes

=
® RBE 23 €M tE 7|2z 8ln o F= FHE 72D Sloyd oke

o] HEF C3He strains 22 442l A EAHz2 RERE £FH AEH stmint®
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RBE from Mice Crypts Assay

CIHe

Absarbed Dose (Gy)

Chk2 KO

Absorbed Dose [Gy)

surviving

Cells (hp Fraton Aray RBE Frawon Aray REBE
T 1071 1136 1. 1105 11.581 1.04
a0 1100 12.86 1.08 12.72 1.4 1.03
20 13435 14.83 1.110 1492 15.73 1.05
10 1463 1631 1.1 1655 17.53 1.60
5 1585 1782 1.12 1823 1936 1.60
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