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S U M A R Y

I. Project Title:

Evaluation of Basic Mechanisms of Adaptive Response Induced by Low-Dose

Radiation

II. Objectives and Importance of the Project

Since there has been an increase in the use of atomic power as an energy

source, we are under the necessity of establishing the countermeasures for

biological damages induced by exposure to radiation. Nevertheless, there is no

medical countermeasure or medical delivery system for it and no establishment of

basically biological indices by which we can judge the positive interrelationship

between the pattern of disease shown up in the exposed persons and exposure

to radiation. There is also an urgent need to catch systematically hold of basic

medical phenomena of radiation damages by observing a variety of changes in

the aspects of morphology and molecular biology for human normal cells and

tumor cells. This study was carried out in order to observe whether expression of

radiation resistance induced by low-level radiation can ameliorate the magnitude

of biological damage by high-level radiation or not, and to understand what the

basic mechanisms of this adaptive response are

III. Scope and Contents of the Project

Radiation induced fibrosarcoma (RIF) cells did not show the adaptive response,

i.e. a reduced effect from a higher challenging dose (4 Gy) of a radiation when

a priming dose (1cGy) had been applied 4 or 7 hrs earlier, but its

thermoresistant clone (TR) did. Since inducible HSP70 expression was different
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between two cell lines, the role of inducible HSP70 in adaptive response was

examined. When inducible hsp70 was transfected to RIF cells, the adaptive

response was acquired. Inducible hsp70 transfected NIH3T3 mouse embryo cells

also conferred radioresistance when detected by clonogenic survival, physiological

cell survival, [3H]-thymidine incoporation, and ELISA cell death detection kit, as

well as increased tendency of induction adaptive response. Interestingly, basal

levels of Ca2+-dependent and Ca2+-independent PKC activities were increased

by inducible HSP70, when compared to those of control vector cells. Irradiation

of g-ray induced PKC activation within minutes in control vector cells, while it did

not by inducible HSP70. Cellular redistribution to particulate fraction of PKCalpha,

delta and zeta by gamma-rays was not detected either. Furthermore,

radioresistance by inducible HSP70 was disappeared by pre-treatment of PKC

inhibitor, 1-(5-isoquinolinesulfomyl)-2-methylpepirazine (H7) in clonogenic survival

assay. Taken together, these data suggest that inducible HSP70-induced

radioresistance is associated with its elevated level of PKC activity.

When cells were irradiated with 4 Gy, flow cytometry analysis revealed that a

pronounced arrest of G1, S and G2/M phase was observed and thes9 arrests

were augmented by hsp25 overexpression. Inhibition of cyclin D1, and cyclin E

and induction of p21 by radiation, which are responsible for radiation-induced

G1-arrest, was more pronounced in hsp25 overexpressed cells than control cells,

which is associated with increased binding activity of CDK2. S-phase regulator,

cyclin A and its associated CDK2 and CDC2 kinase activities were also

increased by irradiation and hsp25 overexpression attenuated these phenomena.

In addition, cyclin B1 expression and its associated kinase activity that are

responsible for the transition of G2 to M phase, were increased by radiation and

hsp25 overexpression also decreased these phenomena. From these results,

HSP25 augmented radiation-induced cell cycle arrest (G1, S, and G2/M phase)

and this may be caused by the HSP25-mediated cell growth delay and is

associated with radioresistance.

IV. Results and Proposal of Application

Adaptive Response is Differently Induced Depending on the Sensitivity to

Radiation Induced-Cell Death in Mouse Epidermal Cells

We investigated the relationship between induction of radio-adaptive response and
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cell death in mouse normal and neoplastic epidermal cells. Mouse normal primary

keratinocytes (PK), cancer-prone |y-rasHa-transfected mouse keratinocytes (ras-PK)

and line 308 (mouse skin papilloma cells which have activated rastia gene with

A to T transversion at codon 61)] cells were primed with low dose of g-rays

(0.01 Gy) and then challenged with a high dose (4 Gy) at 4 or 7 hrs interval.

The induction of cell death was 2-10 times higher and was also rapid in PK than

in ras-PK or 308 cells. Low dose pretreatment with 4 hrs interval led to

decreased cell death, and this adaptive response was prominent in PK, whereas,

the adaptive response was less obvious in the case of ras-PK and 308 cells.

The responses of each PKC isozyme to high-dose radiation, especially PKCalpha,

-delat, -epsilon, and -eta, were different between the normal and ras oncogene

activated neoplastic keratinocytes; translocation of these isozymes to membrane

occurred more rapidly in normal than in neoplastic cells. Furthermore, low dose

pretreatment did not significantly induce the translocation of PKCdelta in PK than

in ras-PK and 308. Thus, the difference in the induction of radio-adaptive

response between mouse normal and neoplastic epidermal cells reflected

difference in the rapidity

HSP70 involved in adaptive response when low dose (0.01Gy) was

preirradiated.

TR cells that is the thermoresistant clone of RIF cells showed radioresistance

and when 0.01 Gy was pre-irradiated before a high challenging dose of radiation,

adaptive response was detected in clonogenic survival assay, while it was not in

its parental RIF cells. Since there is a report that HSP expression profile is

different between two cell lines, we analyzed these protein expression by western

blotting. Inducible HSP70 and HSP25 expression was dramatically increased in

TR cells, suggesting that adaptive response is related with these protein

expressions.

Inducible HSP70 acquired radioresistance

First, to examine the role of HSP70 on the induction of adaptive response,
- 1 7 -



inducible HSP70 was transfected to RIF cells in which the adaptive response'

was not induced, using retroviral vector system. Inducible HSP70 overexpression

could be seen and it induced radioresistance; the tendency of radioresistance

was similar to that of TR cells. In addition, adaptive response was drastically

induced by inducible HSP70, suggesting inducible HSP70 is responsible for the

induction of adaptive response. Because adaptive response usually reported in

normal cell types, we transfected this inducible HSP70 to NIH3T3 mouse embryo

cells. Inducible HSP70 protein was also shown and it induced radioresistance

when detected by colonogenic survival, physiological cell viability, [3H]-thymidine

incoporation, and ELISA cell death detection kit. Increased induction of adaptive

response was also detected; adaptive response was induced in vector control

cells but the induction ratio of this effect was higher in inducible HSP70

overexpressed cells than that of vector control cells.

Inducible HSP70 increased basal level of PKC activity and altered radiation

induced PKC activity.

To know the signaling of regulation of adaptive response by inducible HSP70,

early response protein of PKC was examined. As shown in Fig. 3a, inducible

HSP70 increased both Ca2+-dependent and Ca2+-independent PKC activity. To

know if these altered PKC activity by inducible HSP70 could modify the PKC

response by ionizing radiation, PKC activity was examined after irradiation. When

4 or 8 Gy was irradiated, both Ca2+-dependent and Ca2+-independent PKC

activity were increased in vector control cells; induction time was more rapid in

higher dose radiation. Within 90 min, PKC activity was restored. In contrast of

this, inducible HSP70 overexpressed cells did not respond by radiation, even at 8

Gy irradiation. Results from cellular redistribution of each PKC isozyme also

revealed that translocation to particulate fraction of PKCa, d and z was increased

by radiation in vector control cells, while it was not in inducible HSP70

overexpressed cells; translocation of PKCa and d was transient, but in the case

of PKCz, it lasted for over 90 min.

PKC inhibitor treatment attenuated the radioresistance by inducible HSP70.
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Whether elevated PKC activity by inducible HSP70 is related to the

radioresistance, PKC inhibitor (H7) was pretreated before irradiation and

clonogenic survival was examined. H7, 200 mM reduced colony number even

without radiation and radioresistance by inducible HSP70 was disappeared in H7

pretreated cells, suggesting elevated PKC activity is reponsible for radioresistance

by inducible HSP70.

Overexpression of hsp25 induced a radioresistance.

Since the sHSP enhances resistance to drugs as well as various stresses

such as heat or oxidative stress, we examined whether overexpression of hsp25

is involved in radioresistance. We have transfected a complete murine hsp25

gene into murine fibroblast L929 cells, which has been reported that sHSP family

proteins were not detected. To investigate this, first, we performed clonogenic

survival assay. As shown in Fig.1, /?sp25-transfected cells showed increased

clonogenicity, but in higher dose of 8 Gy, hsp25 did not induced radioresistance.

When cells were exposed to 4 and 8 Gy of g-rays and survival was examined

by trypan blue dye exclusion method, /?sp25-transfected cells showed a greater

survival at 24 and 48 hr after irradiation. To know the correlation between

induction of apoptosis and radioresistance by HSP25, apoptotic fragments were

determined at 48 hr after irradiation. Fig. 1C showed that g-rays induced an

intense fragmentation of DNA in vector control cells, while overexpression of

hsp25 drastically inhibited this phenomenon (37% inhibition at 8 Gy). Data from

scanning electron microscopy (SEM) also suggested that hsp25 overexpression

reduced cellular damage when detected at 24 hr after irradiation of 4 Gy.

Overexpression of hsp25 did not change expressions of other endogenous

HSP family.

For excluding possibility of effects generated by other HSP family, which may

induce by exogenous hsp25, the expressions of major HSP family (HSP70, 90

and 110) were detected by immunoblotting. HSP25 was only detected in

/7sp25-transfected cells and there was no difference in expressions of other HSPs
- 1 9 -



between two cells. These data suggest that overexpression of hsp25 did not alter

the expressions of other endogenous HSPs, as reported by Mehlen et al..

Overexpression of hsp25 caused a morphological change and an increased

concentration of filamentous actin (F-actin).

frsp25-transfected cells showed less fibroblastic, polygonal shaped morphology

with cobblestone monolayer, while, its vector control showed a typical fibroblastic

and spindly-shaped morphology. Data from SEM also suggested the difference of

morphology between two cells. Since the morphological changes in

/?sp25-transfected cells increased cell adhesion, the amount of F-actin was

compared in two cells. When fluorescein-conjugated phalloidin, a probe specific

for F-actin, was used, a prominent F-actin accumulation was observed in

/?sp25-transfected cells, when compared to that in control cells.

Overexpression of hsp25 reduced cell growth.

When growth curves of vector control and /?sp25-transfected cells were

examined with trypan blue dye exclusion method, growth rate of hsp25-h anfected

cells were 3 or 4 hr slower than those of vector control cells. Data from

clonogenicity also revealed that growth rate was different in two cells; vector

control cells formed typical fibroblast-like colony, while, ftsp25-transfected cells

showed smaller size colony with clear form. In addition, colony number smaller

than 0.5 mm was significantly higher in ftsp25-transfected cells, while, in colonies

larger than 1.0 mm, the result was vice versa, which suggested the increased

adherent efficiency and delayed cell growth of frsp25~transfected cells.

Overexpression of hsp25 proceeded slower cell cycle.

To confirm the reduction of cell growth by hsp25 overexpression, cell cycle

analysis was done by flow cytometry. Twenty hr of mimosine treatment nicely

induced late G1 arrest in both control and /?sp25-transfected cells. Cells,

approximately 39.3 % of vector control were in G2 phase after 6 hr following

release from G1 arrest, while, only 4.8 % of /jsp25-transfected cells were. At 10
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hr after release, the most cells of control vector already passed G2/M phase, but

those of /?sp25-transfectant did not yet. These data also indicated that hsp25

overexpression proceeded cell cycle more slowly than vector control.

Overexpression of hsp25 changed expressions of cell cycle related proteins.

To know if delayed cell growth by hsp25 due to altered expressions of cell

cycle related proteins, Western blot analysis was done. Overexpression of hsp25

reduced basal levels of Cdc2, Cyclin D1 and Cyclin A proteins, but it increased

that of p21 protein. Since it was reported that Cyclin D1-Cdk4 and Cyclin A-Cdc2

complexes involve in the progression from G1 to S, and S to G2/M phase and

p21 causes cell arrest by binding to Cyclin-Cdk complex, it would suggested that

reduced expressions of Cdc2, Cyclin D1, and Cyclin A and increased expression

of p21 in ftsp25-transfected cells induced cell growth delay.

Synchronization by mimosine treatment attenuated radioresistance by

HSP25.

Because our data showed that the radioresistance in /7sp25-transfected cells is

related to its cell growth delay, it was examined if synchronization of cell cycle

could abolish ftsp25-induced radioresistance. While twenty hr treatment of

mimosine reduced incidence of apoptotic fragments in vector control cells, when

compared to that in cells with 4 or 8 Gy of g-ray alone (phenomenon with 8 Gy

irradiation was more prominent than that with 4 Gy), the effect of mimosine

treatment could not be seen in /?sp25-transfected cells. Transfection of hsp25

induced radioresistance by 35.4% and 53.8% at 4 Gy and 8 Gy, respectively,

when compared to that of vector control, but synchronization by mimosine

treatment reduced these gaps by 27.8% and 17.5% at 4 and 8 Gy of g-rays,

respectively. Synchronization by serum depletion also reduced the radioresistance

by hsp25 overexpression. However, radioresistance by hsp25 overexpression was

not changed by synchronization with mimosine treatment when clonogenic survival

was examined, suggesting clonogenic survival after irradiation might not be

affected by growth arrest.
- 2 1 -



HSP25 prolonged Radiation-Induced G2/M Phase Arrest

We further extended our studies on the possible role of HSP25 on ionizing

radiation-induced cell cycle regulation. When cells were irradiated with 4 Gy, flow

cytometry analysis revealed that a pronounced arrest of G1, S and G2/M phase

was observed and these arrests were augmented by hsp25 overexpression.

Inhibition of cyclin D1, and cyclin E and induction of p21 by radiation, which are

responsible for radiation-induced G1 -arrest, was more pronounced in hsp25

overexpressed cells than control cells, which is associated with increased binding

activity of CDK2. S-phase regulator, cyclin A and its associated CDK2 and CDC2

kinase activities were also increased by irradiation and hsp25 overexpression

attenuated these phenomena. In addition, cyclin B1 expression and its associated

kinase activity that are responsible for the transition of G2 to M phase, were

increased by radiation and hsp25 overexpression also decreased these

phenomena. From these results, HSP25 augmented radiation-induced cell cycle

arrest (G1, S, and G2/M phase) and this may be caused by the HSP25-mediated

cell growth delay and is associated with radioresistance.

Cell cycle progression after radiation

To determine to what extent the cell cycle was affected by radiation and the

role of HSP25 in cell cycle regulation, flow cytometry was performed. Without

radiation, more G1 peak was found in /?sp25-overexpressing cells, which is due

to decreased expression of cyclin D1 and A, and increased expression of p21

protein, when compared to the control vector cells. After 4 Gy irradiation,

increased population of S phase cells were detected in /?sp25-overexpressing

cells during the experiment, when compared to the control cells; 6 hrs after

irradiation, 13 % of the cells overexpressing hsp25 was observed in S phase,

while in control cells, only 5 % cells was remained in S phase. Moreover,

delayed G2 arrest also found in /?sp25-overexpressing cells; 12 hrs later, peak

G2 arrest was shown in control cells and became to release into the next cell

cycle, but in /?sp25-overexpressing cells, it was lasted until 16 hrs. From these
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data, HSP25 induced delayed cell cycle progression after irradiation.

Effect of hsp25 on cell cycle regulators of the G1-S transition after

irradiation

To determine the molecular mechanisms of hsp25 in radiation-induced cell

cycle arrest, cells were stimulated with radiation and the components of the cell

cycle regulatory proteins involved in the G1-S transition were examined.

Expression of cyclin D1 was decreased from 6 hrs after radiation in both cell

lines and it recovered from 36 hr, but the decreased tendency was greater in

/7sp25-overexpessing cells than the control cells. Expression level of cyclin E was

also inhibited 16 hrs after irradiation in both cell lines, which sequentially followed

after cyclin D1 inhibition, and the decrease tendency was also greater in

/jsp25-overexpressing cells. Total level of p21Waf protein was clearly increased

upon radiation and it lasted for 36 hr, with a markedly more pronounced effect in

/7sp25-overexpressing cells than in control cells. To determine if p21Waf induction

was associated with its inhibitory effect of cyclin/CDK complex, the association

p21Waf with CDK2 or CDK4 was examined. Although expression levels of CDK2

and CDK4 were not changed, as a result, p21Waf became increasingly

associated with CDK2 at 16 and 36 hr after radiation and this association was

also increased in /?sp25-overexpressing cell. The association however, with CDK4

was not different between cell lines. From the results, ftsp25-overexpressing cells

showed decreased G1-S transition of the cells.

Effect of hsp25 on cell cycle regulators of the S-G2 transition after

irradiation

To examine the role of hsp25 on cell cycle regulators of S-G2 transition after

irradiation, western blotting of cyclin A and kinase assay for CDK2 were

performed. Cyclin A expression was increased from 6 hr after irradiation, with

less effect in ftsp25-overexpressing cells. Activities of CDK2 when histone H1

was used as a substrate, as well as total cyclin A associated kinase activity

were increased after irradiation, which showed consistent phenomena of cyclin A
- 2 3 -



western blotting data; less effect in /7sp25-overexpressin cells than in control

cells. Co-immunoprecipitation data of cyclin A with CDK2 or CDC2 also showed

the similar patterns; less radiation effect in /7sp25-overxpressin cells, suggesting

that hsp25 augmented the radiation-induced S phase arrest.

Effect of hsp25 on cell cycle regulators of the G2-M transition after

irradiation

To examine whether hsp25 also affect radiation-induced G2/M arrest by altering

cyclin/CDK activity, western blotting for cyclin B1 was performed. Cyclin B1

expression was increased from 6 hr of irradiation in control cells, but more

delayed and weaker expression were shown in /jsp25-overexpressing cells. When

kinase activity was examined, total cyclin B1 associated kinase activity, as well

as CDC2 activity were increased more significantly in control cells than in

/7sp25-overexpressing cells. Co-immunoprecipitation data of cyclin B1 with CDC2

also showed the similar patterns; less radiation effect in /7sp25-overxpressin cells.

The association p21Waf with cyclin B1 or CDC2 was clearly increased by

radiation, with more pronounced effect in /?sp25-overexpressing cells than in

control cells. These data suggest that hsp25 showed delayed and weaker effect

in radiation-induced G2-M transition.

Effect of hsp25 on p53 protein induction after irradiation

Since p53 protein is known to be an inducer of G1 or G2 phase arrest, p53

protein expression after radiation was examined. Induction of p53 protein was

increased from 6 hr of irradiation in both cell lines and it lasted for 36 hrs, with

less effect in frsp25-overexpressing cells. These results suggested that p53

protein expression is independent process of cell cycle regulation by radiation.

Because radiation-induced apoptosis was higher in the control cells, p53 protein

expression was more correlated with apoptotic pathway than cell cycle

progression in L929 cells, when 4 Gy was irradiated.
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Oil £ & § ^ ° ? f f e 5 ° S

| Stfe ^4:^21 alkylating agentOII

DNA s m ^^01 ^££|0 i ^ ^ g ^ alkylating agentOII °|§! ^ ^ 5! #SH

S 3 y 0| OJ| HH5H Ai| S0| A i ^u^ l SCK Sie 5 ^ § i *l| All 5011 A1£

alkylating agents 3 EJ

ygO|| q|ef o ^ u , O | j v i e r j e o ) | oj5|| j j g o a *||e!-£l2ifee|| A i ^ £ ° | tritiated

thymidine C3H-TdR]S SJAi x|E|5[ 3 ^ 1.5 CyS| X-ray £AKH| °|§H AilS^h L|j^e

§ | ^ s ^ 5 j § g g y g § ^5EWS ^|A|s| 0|BH ?Jg °J?7[ 3 S £ | i l 21 a 0|M

a ^ f e sister-chromatoid exchange 2f chromatid breaks^S| g*j|^| 0 | ^ , S3ao |£ |

&J^ S! A||52| ^ ^ S g §g

01
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Art! a ? l ^ 0.05-0.1 Cy

o| ^ ^ I g o ^ ^q|§ fX | Ss^ZL î|Ai|5 §" g ^ A|| 50||

iA^ 2 ° i&£ -on* yaoii cHti- Po'e ^ §

?>§§ Ai|S g ^ l ^ ^ apoptosis

^ S ZL 7 |2S a*i|SK)j Heat Shock Protein0|

OII

- 3 0 -



0| g gCH^ 0| 2J

A|0||

a s s i s ^ A ^ A las Z J 3 * I X I M ° g ^ ° h A ^ S5(j7;̂ 7̂  ^ ^ a - g ^ OK»I

SI ° | sqa |e oH^ e s t h s^ilSMi c||^£j7i| £|°icK n^A1 of ̂  & 2|5c||

|oil ojccit!- ^ s f g ^°5|fex|oi|

140I,

^ g g 2|¥°l T̂ ROfl CH& L\mO\^°\ ^ e y g S L^KHfetll, bacteria ^

mammalian A||5£ ^t^SJ alkylating agentOJI t S A j = 0|g CHJ2J

alkylating agent°l ^50 ] | CtJsH ^ U ^ g U^tHcK O|Si§[ 5 j g ^ § S DNA

methyl-transferase^r glycosylase gg ^S&& t ^ l 2 | i]-go|| °|£h 5 ° § ^Bj

A1 SICK AiS^I gJM^dS S S S 3 ^ 2 £ ? | ^ A ^ 0 | | 2|5(| ^ ^ g chromatid

aberrational s | ^ S ° l S ^ f i AiS^I ^Ar>d0|| °|SH ^ £ S ^ ^ ^ O l && |g 3 0

S ^ ^ £ 1 2 SILK S^|°V chemical mutagen^rfe ^E | om ionizing radiation Oil LH

Ionizing radiation £A rA|o||£ A||5LH

|t+SH
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2| s|

Heat shock protein (HSP)g A1|5LH 01 £i stressOJl y g 6 ^ 1 L f E m ^ protein°

0|°| i!"t^0| hyperthermia, TNF-a, oxidative stress, cytokines, hypoxia H^l 01 £\

mm i^joiiAi Aiiaoii *\m&m ^ s ^ 5 2 s ^EIAI 21 CK C^^AI HSPOI ^

All S0|| tep^5 % hsP70m transfectionA|?1

- 3 2 -



EL-4, L5178Y-S (X-rayo|| £ H * g & l ^ 4 IS , Y-S) S! L5178Y-R (X-rayoj| x i f h ^

Si-fe- A i | i , Y-R), Chinese hamster ovarian cell, mouse fibroblast cell. v-rasHa

transformed keratinocytes, 308 (mouse papilloma cells), RIF (radiation induced

fibrosarcoma), TR (RIF£| thermoresistant clone), L929 mouse fibroblast S! NIH3T3

mouse fibroblast ce l l * c jAef2£ ^ l

2.

(̂•o^ trypan blue dye exclusion methodcHI s\-s[o\

hematocytometer* o|

colony forming assay*

3. DAM-^ ^ 2 / S!

M\S.m uH^§ roi early log phased o l s ^ ^ m ^ A ^ # S A ^ ^ C K Z |

oil OrEH r̂ !*€• ^ S ^ S DNA# ^al^l-SlcK 4°C^|AH 800 xgS 5 ^ 2 } ^ -

t[o\ ^ # ° « # tHBl ^| ice-cold PBSS

5x107 cell/mis| ^^?[ s ] ^ ixTEoll ^

lysis buffer (0.5% SDS, 25.mM Tris, 5 mM EDTA, pH 7.5)» ^o] 7\^J\\

Proteinase K » s | # ^ i 1 ^g/mPF s\n ^H

conical tube (15 ml)S &7iM 50oCo)|Ai overnight

- 3 3 -



microcentrifuge tube^ £171 phenol-'chloroform ^ # # £3 ISo | & # Kp7\x\ 2-3

ti t ^ r S i ^ r . •§• ¥=|a| chloroform^ ^o j 1 s| ^ # ^ s } c r . 3M sodium

acetate* 1/10 ^ l * S B ¥ ethanol (-20°C)# 2SM/2 ^ -s le}^ ^ o | -20°Co||Ai

overnigntsFsacK *]*!£! DNA* S | ^sp | $jsj| 4°Coj|Aj 30£& 12,000xgoJM ^

^ j ^ a l e!- ^l 70% ethanol^ ^ ^ | ^ o i 10-^-^i c H S I ^ ^ B I ^ 5 1 ^ . s |^£ !

DNA# g7 | # 1 ^ 2 100/u|fi| 1x TECHI ¥ ^ A | ? ] ^ RNase A * M^^E. 200

^|/mPh E|7|| ^ j i 37°CO)H 30-^^, 65°C^|Ai 5 ^ ^ ¥5i^K Spectrophotometer

260 nmoilAi z| A | ^ ° | § ^ £ # ^§§ r o1 DNA ^ i « n&fsW 10 /ug# 1.5%

agarose gel<>l|Ai lower dye^F £?J %5_ \J\qgul\vtx\ ®7l\t;\#c\. Ethidium

bromide ^ ^ ! ^ S 7HSh s ^ nucleosomal DNA7|- fragmentations]^ § £ # u|

4. Enzyme /inked immunosorbent assay (ELISA)

Boehringer MannheimoflM ^ g j & Cell Death Detection Kit* M

ti 3EAh 3f ^ § A|^} d(|ofc3h * ^ o A i | i ^ ^-O|-5i^ AIISSI ^7\ 1X105

£|^l el#5i^K 500 n\s\ incubation buffer* ^ o j M\S.m lysis& ¥ 4°Coi|A-j 30

•g-Z} o H ^ o ^ Ĵ-̂ J-̂ -3-l si-SlcK -y#5!jS incubation buffer^ 1:10 .si^si-sacK

A welioil coating solution (anti-histon)°.S coating tl ¥ -y-goHA-] 1 AJ^> aj-*|t(-

m coating solution!- ^l^§F^c(-. 2-3§! washing solution°.S Ai|sjoi- * |ySis&l

DNA* 100 A/I ^ i 90£Zf -y^ollAi gJ-*|^Sini #?»# x||7H& ^ 100 /z|2|

anti-DNA peroxidase* ^ H -y&o)|Ai 90^-^ ^*|Sr5a^K ^ A |

¥ 100 /i|2| substrate solution^ ^ZL 10-20^ ¥<>ll 405nm°l|Ai

21 tK

5. TUNEL assay

d||ot§[ A||a-i- Phosphate buffered saline (PBS)S

95% ethanol^ ^ S ^ r ^ ^ k OncorAFo]|AH ^ ° j ^ Apop Tag kit# M&

apoptotic fragment* ^^ol-Slc-K A | [ ^ O | apoptotic cell LH oligonucleosome

DNA fragments 3'-OH ^o j | terminal transferase* A ^ § t

- 3 4 -



digoxigenin-dUTP# HS^ r . anti-digoxigenin- perosidase conjugates-

0.05% diaminobenzidine-(DAB)S ^ #%M9\JL 0.5% methyl greenH^. counter

staining^rSl ̂ K

6. Small-Heat Shock (HSP25) - E ^ Inducible HSP70 Protein

(L929)o)| Heat Shcok Protein 25 (hsp25)

hsp25?\ ?\^\n ^uI§!••=• 4

cK Inducible HSP70£| g^ hsp70M 5 1 J - 5 ^ plasmidS lipofection

Oil transfection A | ? j a puromycinOl

01 0|S A||S^

7.

^ ^ ^ W M ^ (1 cGy)

* H d £ ^r^- 0.143

(Teratron-780, AECO

137Cs

60Co

119.7 cGy/min

& Wfester/i blotting

2 S | ^ ^ Ai|iOj|AH Eh^ l^M lysis buffers ^ # ° | - o i SDS PAGEol|Ai

•E-2-li!- ¥ nitrocelluloseCHI transfer A|^|C|-. Specific antibody! membraneOJl

?|IL horse radish peroxide^!- ° j ^ £ ! secondary antibody* w2l ¥ ECL ^ le

Vector controly transfection A|?l A||52r hsp70 ^^mm transfection AI

Ai |5S lysis %°A (120 mM NaCI, 40 mM Tris (pH 8.0), 0.1% NP40)°S 1 A|
- 3 5 -



et ? § § a § 3 ? I ge^O||A1 g ^ l t l ^ western blot

analysisS ^A|SFSJP. HSP i S § ^0\^?\ $\e\0\ mouse monoclonal

anti-HSP90, -HSP11O antibody (Transduction Laboratories, Inc., Lexington, KY)&r

goat polyclonal anti-Hsp70 antibody (Santa Cruze Biotechnology, Inc., Santa

Cruze, CA)M 1:1000°S §|

mm

Vector control^ transfection A|^J AflSfif /7Sp70 ^ ^ 1 transfection A|^J A||

S i lysis §5H (120 mM NaCI, 40 mM Tris (pH 8.0), 0.1% NP40)°S 1 A[^|

§2} *j£|SK>i t ^ ^ e i ¥ § s i Crs £!^l 9e^0| |A1 g e j ^ ^ western blot

analysis^ ^A|mSSP. A||5^?|0|| S O I S ^ y a i j ^ 2 | ^ S ^ 0 ^ ? | ^|§r01

mouse monoclonal anti-Cdc2, -p53, -cyclin B1 antibody (Santa Cruze

Biotechnology, Inc., Santa Cuze, CA)2r rabbit polyclonal anti-CDK2, -CDK4,

-cyclin D1, D2, A, (Santa Cruze Biotechnology) E (Upstate Biotechnology, Lake

Placid, NY), -PCNA, -Bcl2, -p27 antibody (Santa Cruze Biotechnology)S 1:1000°

S °l^aF01 A ^ S ^ Q K 5E^ Rb family2| &s\m M7| ?l§r0i mouse

monoclonal anti-Rb (Pharmingen, San Diego, CA), -p107, -p130 (Santa Cruze

Biotechnology)S 1:1000°S s|^5 r01 A r g ^ ° m .

Triton X100O| 4lO|x| g^g buffer^ « & ^ 100,000 xg o||Ai

-l^rOi A i | i ^ ^ S | # £EL|3KH Triton X100O| # C i ° i ^ buffer^

100,000 xgOi|AH £|AJ ^El§FOi membrane ^ § l * ^ t ^ K L+DJX|

cytoskeleton ^ - ^ | ° S &^K

12. PKC enzyme assay

Ai laS lysisei- ^ PKC substrate, TPA (tetradecanoly phorbol ester), Ca

gamma-P32 ATP# *&o\ ^ S ^ I Z } incubation & ^ scintillation count* A l
- 3 6 -



13.

clonogenic assayS^I °\m hsp257\ ^£o|-7|| ^ ^ S M\S.s\

Apoptosis

3.7%2| formaldehyde g^OII 20 g g y H§A|? I ^

# PBS § 9 i j ° S A1|Sj^°jCK °f ZE21SKH|Ai 4 Ug/ml fe^S| Hoechst S ĴCHI 10

l-Oi DNA fragmentation 0| ^ O j y A| |5S

- 3 7 -



2 m

(0.01Gy)O|

apoptosis^

p | ^ | ^o i EL-4, L5178Y i ^ gj

i Si n[-?-:±: papilloma >M|jt, ras oncogene^.^. initiation^! M\S.9 tH-feJ"

5! EL-4, L5178Y-R (X-rayOj| 2|

)f L5178Y-S (X-rayO|| a|s|| H^&i S 0 | ^ M\S.^) 2i

§J n ^ ^ papilloma ^ | a , ras oncogene°.S initiation^! M\S.W

A||a A ^ # S # 7 m 5 i H S l f o|^5H0|SicK £ t h x-ray

A|-Aj gat ^Aj^^^E-1 50%

oj § a t o S gg^Slc:!- (Fig. 1).

# 4 A|7}^ 7 A|^}OS

AJO|| fi|S- 5 j # # & y g # Sf-̂ Ĵ SĴ K § ^ g j sp Alia,

L5178Y-R S! TR A||SO| go. s j a s g y a a ^ E § f g ° i 4 EL-4, L5178Y-S, RIF

§j 308 Allasj ^ ^ «|-S#aeiot# TrS.*tx\ ^^5 l^r (Fig. 2).

5!

(L5178Y-R S! TR)2| * j ^ e ^ o | apoptosis

M\±O\\A\ apoptosis ^ ^ § £ # DNA ladder S ^ , ELISASoil a|5!- Cell death
-38-



detection §=' ImmunohistochemistryOil 2JSJ- TUNEL assayoii °|sf| ^§s|-° ic | - . n.

Alia, L5178Y-R §U TRS| ^ ^ apoptosis^r * l £ £ l ^ A ^ ° | *j

t\ xit[s\o^x\a} EL-4, L5178Y-S, RIF Si 308s| 2 ^ x\$$\

8H apoptosis^F ^©hs|x| ?>°{-^ (Fig. 3 S! 4).

"AX/A/O// 21& zf^gg&goll PKC activation0/ &&£!%€+ (Fig. 5)

papilloma cell line-308) Ai|£0]|Ai &Af£j #^£ % PKC tt^SrSig & # & MA

(Fig 5A). 5jee&h&}ee

i, 308 ^AUS^ sa^ ̂ eeaeieoi ^£^^1 at at a

^^ PKC tt^5}S£^ # £ ?ib^FS &^5^^C | | PKCdelta°l

(Fig. 50.

• ^ / ^ ^ &Afd ^MOff Slef ZIB&&&&OI RIF (Radiation Induced

Fibrosarcoma) ̂  S(HI A1^ LjEmxi %9tXI°! RIF SI Thermoresistant

(Fig. 6).

0|2| Thermoresistant clone°l TRA)|S°| ^

AH . ^
7T-J- czi clonogenic survival assayOflAi

0.01 Gy

(Fig. 6A SI B).

• Heat Shock Protein (HSP)SJ Mt&g^Jl RIF Ai/S % 77?

%%°OI mm HSP25 % inducible HSP70SI m^Ol TRMSOIlAi

RIF % TRAi|5°| j\% B ^ o i s e HSP proteinO|Brfe 5LHJ\ 21 J\ W~0\\ 0|

All52| HSP profiles M S r ^ C r . H l ^ r HSP25 51 inducible 70°l ^ ^ 0 | TR A||

oilAi t^Aisi mj\mm &mm ^ 9i9iQ (Fig. 6O.

a ^ RIF Ml SOII HSP25 5Enr inducible HSP70
- 3 9 -



urn AIZ! git *IBB&&BOI CfM LfEr&m m&m ̂  2121a.

HSP25 S! inducible HSP700I * ! £ H ° S &O\ti\$=J\m 3 I

gOl gj0)14*1 aatE! RIF Ai|50j| hsp25 Sfe inducible hsp70

. n i ^ sjse^&teoi 01

fe inducible HSP70 2 f g ^ A||£(H|Ai q H7|| L\E\^Q (Fig. 7).

• HSP259I X/&B3&& S1

HSP25 %?&°l 7121 Si^ L929 HI^M 0l§ur0f HSP25

morphological changed T ^ 5 / # C / (Fig. 8-10).

HSP25^I endogenous expressionOl J\2\ gife- mouse fibroblast A||5e! L929 A||50||

murine hsp252] complete genomic sequence^F SCH°(^ pBC voctorS O|gS|-Oi

transfectantS yS'SAQ- (Fig. 8). HSP25 transfectant A||S2| 3 ^ conogenic survival,

Trypan blue assay, apoptosis assay S^0||A1 ^A r£j0|| S|& m ^ S fiO^°iJ2 (Fig.

9) HSP25 transfectant-| 3 ° control vector transfectantoil t)|5H morphological change

^ r a i S l ^ q i spindle like shapeOl round shape^^ S ^ o j u o|fe i

K HSP250II 2|sj morphological changed Oil F-actin°|

phalloidin ^ ^ 0 | | °|sh F-actin ^ S immunohistochemistryOll °|

F-actin°l ^ 0 | HSP250II 2|3H g ^ H T S <M ̂  WttOt (Fig.

10).

• HSP25°I transfectant £r 4l¥§*f^OI xmsiftQ (Fig. 11 % 12).

HSP25°I gMrt! UJ^ 5! 5 j § § a y § 2 | ^!S flg§ ?JS|| ° j ^ A)|5 g ^ J ^ S #

§§[ l ^ f HSP25 transfectant̂ ^ control vector transfectantoil b|§H 3-4A|^ A||5E §

^ ( ^ 0 | ^Sf'fiJgiJZ (Fig. 11) 0|fe mimosineS ^ £| SKH G1 arrestS A|?|l»

mimosineg fll 71 SK>| A|| 5 g ^ j S eA|o|| A|?l ^Hr0l|Ai£ ^ g S ^ 0 | ° i a (Fig.

12).

# Cell cycle related protein expression 5/ ^ § f ^ i ^ HSP25 transfectant SI gj

¥ cyclin D1, cdc2°l level 01 X\5TSi2\3. P2I expression level 01

(Fig. 13).
- 4 0 -



HSP25 transfectant^l H\=£ H^Js *16pf- cell cycle related protein expression level

| 0|| °|§[ 5°J^ r» S^eispl £|6H G1, S Si G2/M phaseOII ^0 i §rfe cell cycle

related protein expression!! ^M^9iQ. H 1 ^ HSP25 overexpressiong cyclin D1

^ cdc2 levelS &±M%°m p21 levelS ^J\HHQ (Fig. 13). ^\^\M

HSP25£| cell cycle related protein £ ^ 0 | A||£ g*J^O|| g f f S 0|*|fe >H°

# HSP25 overexpression& antiapoptotic protein 21 bcl-2 expression levelM §

JiHnQ (Fig. 14)

S£ sm2| A ^ S . HSP25£| overexpressionOI antiapoptotic protein°S

bcl-22| i S § g^rAlgJS western blotting°S ^ ° l 5 r g j a (Fig. 14).

• Mimosine xf^oil °l& cell cycle progression 21

HSP250II °l& apoptosis inhibition M^rM ^ a / # C / (Fig. 15).

HSP250JI °|S[ Ce|| growth

mimosine *|BJO|| °|m cell growth

t HSP25CHI 2IS- ^Ar-y LH^OI ^ ¥ SlOi^lfe ^ § apoptosis assay

?i?;tcf (Fig. 15).

overexpression & gM/# Mf^# ^ 7 / A/^j? n/^/y HSP250II 91 m &

g^ Bcl-2 overexpression (HI °l§! ggg &21W ^ 9i9lQ (Fig. 16).

Cell cycle arrestOil °\m &H& SUM & 3 5W ?±9D\ nllSOll HSP25°I E Q i

factor°l BCI-2SI § ^ § ^^SrS^a. L929A||50j| bcl-2 geneO| §0i g i ^ pcDNA

vectorg 0|g5r01 Bcl-2S overexpression SrSJi 0| /d|52| ^ A ^ m ^ g S^5|-

2JLK 13 1 4 clonogenic survival, apoptosis ^ trypan blue dyeCHI 9.| ©h A| |5§^ !s

assay S^OllAi Bcl-2 overexpressionOI ^ A ^ H j ^ g LfEmigidK

ctr^rAI HSP250JI °|t [ ^ArAj L | j ^ gj ^ j g g ^ u j - g S HSP250j| 9-\m cell cycle

delay % bcl-2 overexpression Oil °IS[ ^ o j §

• Inducible HSP70°l RIF cell^l overexpression &

(Fig. 17).
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hsp70 geneM 5&§rfe MFCpuro vector* RIF Ai|£0fl transfection A|?1 HSP700|

overexpressiontlfe A||3E^S ° }M?m (Fig. 17). /7s/?7O-transfectant cell01|Ai°| ô Â

dO|| QH§[ ° J £ £ S #§*sp | ?|^01 1, 2, 4, 8 Cy°l §m* j 5 A ^ colony forming

assayg ^ A| 5̂ 0=j survival fraction^ ^ 3 Si Mty /?sp7i9-transfectant cellO||Ai

Oil CHShOi Q) ^ S

inducible HSP700| ^OiuffeX| QiO\£.j\ ?\$\O\ 0.01

^ 4 A|£KSf 7 A|Zf ^0|| JZ^?| ^AfAj 4 Cyg 5

^ S Z ° I survival fraction2|̂  b|S§rSi^. Vectory transfectionS A||50||Ai

^ ygOl ^#£ jX | atSAXiei hsp70m transfection A|̂ J A||52| g ° 5j

0| U ^ y g & ^ & ^ 9191Q. SE& inducible HSP70S| ^ § g a # HSP°|

oiife a ma ^^i

Inducible HSP70& g£MJS type?}

(rlg. w.
S^A1|50l|Ai L ^ m f e 5 ° S ^ e i ^ S i ° H S inducibie

HSP70 vectorg normal fibroblast cell21 NIH3T3AII5 CHI overexpressionsm ^ A ^ 0 | |

l l ^ ^A| /7sp7O-transfectant cell Oil Ai

i o ^ x i ^ ^ l yA^o i l °|s[ 5 j g # &

gOfl inducible HSP700| ^OjS^XI ^ O ^ ^ l ^l §r01 0.01 Gy°l

# 4 A|^jif 7 A|2j" ¥(HI 2 ? ? l S-A^ 4 CyS ^ A r ^ 0 i

S £•£ ^ a S ° J survival fraction^ H|JH§^CK Fig. 180||A1 JifeL)f2f ^ 0 | vector

y transfectionS

transfection A|?J

NIH3T3 A1|50)|A-|£ inducible HSP70°l J ^ ^ S S Cfg HSP°I

• Inducible HSP70°l JtyMtgB PKC activityM mJlMHQ (Fig. 19).

Inducible HSP700II °\® ^ j g § a ^§011 SiOiAi signaling regulationOI 0\

gSFfe^l ^ 0 ^ ^ | ?|§F0i signaling regulation^! upstreamCHI 9 l ^ | S ^

activity* £ W ° m . Fig. 19g PKC activity^ /?sp76>-transfected cell0l|Ai q ^ g

control vector°l 3 ^ PKCalpha, delta 51 zeta°l

° ^ £ | translocationOl ^0\^°L\ hsp70-transfecXed
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PKC inhibitor (H7)2J &xJBJ^ inducible HSP700JI

fECt (Fig. 20).

Inducible HSP70 2\ ^S0|| ° l t ! «MKd LH^OI PKC activityOII °|SJ- 2!£]?r# ^

W I 91 §H PKC inhibitor°j H7S 3 ^ a | e[ ¥ &hA^ ^AfufOI clonogenic survival

SFaa Z> g 2 | inducible HSP700II °|§[ gM£J UI^0| d t ^ g S ^ 0 1 ^ 4,

21 g i f g e gtfsKM s mi, inducible HSP7OOI AII5LH°I d s s ^ n\nm

PKC activationOI 0|0|| &^£|O| gig 5 ° £ ^ 4 ^ ^ (Fig. 20).

HSP25 J>rMt&& &Af& 3EAH9 °l& G2/M arrestB Xl&MHQ (Fig. 21).

^Af t j ^ A f ^ o | All 5 ^ 1 S § 0|| HSP25̂ f Ojttm 9 1 f # Dl^lfe^fg

71 91 SB 4 Cy£| ^ A ^ i 5 A f ? flow cytometryOil 2|5H A1|S^7|M &

gj-A^ ^Af 6A|^2f 12A| 2J-0II C2/M phase arresUf HSP250II 2JSH S7;i

mm m ^ aism (Fig. 21).

21 m G1S cell cycle transitionM HSP257r Xl&AinCr. (Fig.

22)

HSP250II ° l t ! C2/M phase AI^OI ^U1I3£I molecular events SjejSpl ^|sfO1

2JAi G1-S transition Oil &01Sfe protein°l i S i ^ # § r 2 i a . Cyclin D1 ^ E°l ^h

S0| ^A^doil °I§H #±5\<&3. oieith a ^ = o | HSP250II £|§H &^£|2tcK 5E&

P21 ^ Q 0 | ^ A ^ 0 | | ojg|| g ^ ^ o H - m o|eith S7r^0 | HSP250II 2JSH g^r^lfe

5!S ^ l ^ r ^ a . P212| CDK2 % CDK42f2| binding activity^ HSP25 %*£& A||3E0||

H S HSP25 i r ^ S g Gl-S cell cycle transitions X|£A|Ue ^ ^

°l§t S-G2 cell cycle transitionM HSP25Jf XI&A/gCf. (Fig.

23)

^ S-G2 phase cell cycle transitionOil 0|*|fe HSP25^|

cylcin A2| ^ S ^ % ZZ2J kinase activity*

- 4 3 -



s-G2 cell cycle transitions HSP254 XISAlUg QJ ^

°l& G2-M cell cycle transitionM HSP25Jf Xl&*l%cf (Fig.

24).

G2-M phase cell cycled U\%\k= *gh\& St*0|| CH& HSP25°I ^ # M

4 , cyclin B1 §i ZL°| kinase activity2| ^ S ^ 2 | #±, P21°| cdc22F°| binding

activity §J\^2\ i ^ S ^A^d SAFOll ° | t l G2-M cell cycle transition^

HSP25 Mm& W^^ gAttdOll 91 §h P53 inductions ^^ffSf^Cf (Fig. 25).

^A\0\\ o|t l P53 ^ ^ 0 | | HSP25SI S i t e £ H m 1 4 control vectorOll

induction *15H2* # ^ g i g * ^h ^ 21 Si UK

% HSP70 MMt&B 4I£°I £Sm xm*l£Cj. (Fig. 26).

HSP70S NIH3T30II transfection, A|?J? A||5^^o|| D|^|b 9 ? f e ^ I t l 1 4

trypan blueSOII 2J°f ce|| count SI ^l-thymidine incorporationOllK] 2-^f HSP70

transfectanUF ^ & 0 | X l ^ s j g shoj^oj j , flow CytOmetryg ^ § S S40||Ai£ g

G1 phaseM ^ l ^ r ^ P . ^ ^ l ^ mimosine SS serum starvation^! °|§H A||5°|

l gA|o)| A)|5gAie ^ ^ 5 r S S . nH0||5£ HSP70 transfectantOIIk\

Ai£ HSP70 transfectantOJlAj ^ ^ 3 cyclin D1 §|

dephosphorylated formO| §J\S\0\ HSP70CHI 2|t[ g ? ^ G1-peak

• HSP70& &M&0I S/§f apoptosisS ^m^O\ radioresistance

(Fig. 27).

HSP700I ^A^OII 2|t* A||5A^| OiCî J- S H Dl^lfe^^S ^ I r 5

0|| 2|gh Ai|SAK^ HSP70 transfectantOII Ai

^l radioresistance^ & # 0 | 9i

G2/M arrestm &±M%Q. (Fig. 28).
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II HSP700|

4 Cy°l gJAr*! £ A f ¥ flow cytometryOll °|§H Aj|5

^ A r 6A|ZI4 12A|eJ-0|| G2/M phase arrester control transfectantoil

#§N3 3 l ° i - r HSP70 transfectant°l 3 ^ 0| fifth G2/M phase arrest^ ^±

s i sieisrsm. (Fig. 28).

2/m G1S cell cycle transition 21 XI&B HSP7001 §1*

Of. (Fig. 29)

HSP700II °\m G2/M phase arrest°.| 5|^0|| CH SI ^j*l|5j£J molecular event

oi§p| £|5|-0l ojAi G1-S transitionOll £.K)18rfe protein^l i g j i

Cyclin D1 ^ ES| ^ g O | ^ A ^ 0 | | o|§H ^ ± £ | 0 i G1-S transitionOI X

0| UErl^^ iy 0|£it!- S£!-0| HSP705CHI 9\m Q5\s\91Q. ^ P21 i

P21°l CDK2 ^ CDK4S>r2| binding activity^ HSP70 i ^ h S Ai|5O||Ai

S HSP70 i r ^ S g ^Ar^OII ° l t l G1-S cell cycle transitional X l ^ i

^ ^r SISIP (Fig. 29).

2EM0I 2j§h aberrant^ S-G2 cell cycle transitions HSP700I &M§f

(Fig. 30).

5Eth ?MkJ2| S-G2 phase cell cycle transitionOll D|* l^ HSP70°l S U M &*£&

Ml\ HSP70 transfectantoil Ai ^M^0\\ °| t [ cylcin A2| ^ s ^ a DI -)2| kinase

activityg a^A|? i ^A|-t! SA[-0|| °| s| aberrant & S-G2 cell cycle transition*

HSP700I oHTHIS-S ^h ^ ai&Cr. 5£& ^AKd 0|| °I Sh P21 Hr cyclin A£r£| binding

activity^ HSP700|| °|5H ^ h ^ £ | 0 i ^ | ° s ^Aii^joj y A ^ damagê F HSP70

transfectantoil £ ^±£JCH 0|ys[ S&0 | L rEryr:U ^ S f i ^ 2icr (Fig. 30)

& aberrant §? G2-M cell cycle transition 0 HSP700I

(Fig. 31).

G2-M phase cell cycleOJI D|^l^ &hArd Slfo|| CJIth HSP70°l ^ ^ S #S=I^ S

4 , cyclin B1 S! H2| kinase activity2| ^ S ^ ° | ^ i , P212| cdc2ar£| binding

activity ^ ± e s | H 4 S S-G2 phase S2r2[ D ^ ^ r ^ l ^ ^*1I3£] ^Art j damage f̂

HSP70 transfectantOflfe &±£|O| 0|£i§[ S # 0 | L r E r y^Z! ^ § ^ ^ °ic r (Fig.
-45-



31).

• HSP25 #U?& Ml^i= gM/#flf $§! p53 induction M ^H^SHQ (Fig. 32).

&AKd Z&A^| 2jth P53 ^ S 0 j | HSP70°l 9 i f e ^ S S I S 4 control vectorOII

b|§H P53 ^hSOj <** | |gg ^2J 5 ^ C}. "4-B+Ai HSP70SJ g^A^ U|£!0| P53

induction THSHfif ^ ^ 2 i £ S ^ ^ aiSlC-h (Fig. 32).
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Fig. 1. Cell survival curves
Viable cells of NL, PK, L5178Y and EL-4 cells were counted by the trypan blue
dye exclusion method at 24 hr after irradiation and those of L929 and 308 cells
were counted by colony forming assay.
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Fig. 2. Determination of adaptive response

Cells were irradiated to 0.01 Gy and after 4 or 7 hr, cells irradiated to high

challenging doses of 2 Gy for NL, 8Gy for PK, 4 Gy for L929 and 3 Gy for L5278Y,

EL-4 and 308. Viable NL, PK, L5178Y, and EL-4 cells were counted by the trypan

blue dye exclusion method, while those of L929 and 308 were counted by colony

, forming assay. Cell viability was tested 24 hr after high-challenging dose

irradiation. A significant difference was calculated from high-challenging dose

only irradiated cells (*p<0.05). 1,high dose alone; 2, 4 hr interval between

0.01 Gy and high dose; 3, 7 hr interval between 0.01 Gy and high dose
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Fig. 3. Determination of apoptosis using sandwich enzyme immunoassay.

Cells were irradiated to 0.01 Gy and after 4 or 7 hr, cells irradiated to high

challenging doses of 2 Gy for NL, 8Gy for PK, 4 Gy for L929 and 3 Gy for L5278Y,

EL-4 and 308. Apoptosis induction was detected using sandwich enzyme

immunoassay at 24 hr after high challenging dose irradiation. A significant

difference was calculated from high-challenging dose only irradiated cells (*p<0.05).

1,high dose alone; 2, 4 hr interval between 0.01 Gy and high dose; 3, 7 hr interval

between 0.01 Gy and high dose
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Fig. 4. Determination of apoptosis using TUNRL assay.

Cells were irradiated to 0.01 Gy and after 4 or 7 hr, cells irradiated to high

challenging doses of 2 Gy for NL, 8Gy for PK, 4 Gy for L929 and 3 Gy for L5278Y,

EL-4 and 308. Apoptosis induction w$s detected using TUNEL assay at 24 hr

after high challenging dose irradiation. A significant difference was calculated from

, high-challenging dose only irradiated cells (*p<0.05). 1,high dose alone; 2, 4 hr
2 •

' interval between 0.01 Gy and high dose; 3, 7 hr interval between 0.01 Gy and high

dose
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Fig. 5. Adaptive Response was Differently Induced Depending on the

Carcinogenesis Stage of Epidermal Keratinocytes.

Aa, Survival curves, Ab. Determination of apoptosis by TUNELassay,

6, Detection of adaptive response by viability (a) and TUNEL assay (b)

C, Subcellular distribution of PKC after gamma-ray.
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Fig. 6. HSP25 and inducible HSP70 involve in adaptive

response by preirradiation to low dose (1 cGy) radiation

(A) Survival fraction of radiation induced fibrosarcoma (RIF)

cells and its thermoresistant clone (TR) was obtained by

colony forming assay after irradiation. (B) Induction of

adaptive response was observed using clonogenic survival

assay. Cells were irradiated to 0.01 Gy an after 4 or 7 hr, high

challenging dose of 4 Gy was administered. 1,4 Gy alone;

2, 4 hr interval between 0.01 Gy and 4 Gy; 3, 7 hr interval

between 0.01 Gy and 4 Gy (C) Protein extracts of RIF

and TR cells were prepared and assessed by western blot

analysis for HSP25, 70, 90 and110.



1.2

HSC70

HSP70

HSP70

0.0

c
o

o

0 2 4 6 8 10
Dose (Gy)

• RIFHSP25-
" RIFHSP25+

0.1

0.01
2 4

Dose (Gy)

c
o
o
= 0.8

= 0.6

.4

nRiFHSP70-
•RIFHSP70+ *

eg
>

0RIFHSP25
•RIFHSP25

1, high dose; 2, adaptive (4hr); 3, adaptive (7hr)

Fig. 7. Overexpression of HSP25 or HSP70 in RIF cells recovered adaptive response.



hsp25

#6 #7 #8

HSP25 « • —

HSP70 —

s HSP90

HSP110

Fig. 8. Constitutive levels of HSPs



Survival fraction

c5"

o
o
CO

% of control
o

J
oo

00 £».

- 7 3 -



Number of apoptotic
fragments/200ce]ls

o
1C

om
trol

00

O

1

•
•

OJ OS

o o
f I

I*

o
1

•hspl

+

to
o

1

•hspl
_J

1

o

CX)

Q
O
o

o

- 7 4 -



Fig. 9. Determination of radioresistance

Surviving fraction of vector control and hsp25-transfected cells was

obtained by colony forming assay (A) and counting using trypan

blue dye exclusion method (B) after irradaiation *p<0.05 versus

vector control cells (C) comparison of DNA fragmentation measured

by Hoechst 33258 staining 48 hr after irradiation (D) comparison of

morphological changes by irradiation with scanning electron

microscopy (SEM), x350
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Fig. 10. Comparison of morphology in vector control and hsp25-

transfected cells

A, light microscopy; B, scanning electron microscopy (SEM), x 800;

C, immunofluorescence staining of F-actin
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Fig. 12. Cell cycle distribution after G1 phase arrest by mimosine
treatment
Cells were preincubated 20 hr with 400 uM mimosine and havested
following incubation. A, synchronization with mimosine in vector
control and hsp25 transfected cells; B, cell cycle distribution at 6
and 10 hr following release from mimosine treatment
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Fig. 13. Effect of HSP25 on the expression of cell-cycle related proteins
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Fig. 17. Radioresistance and induction of adaptive response

in inducibie HSP70 transfected RIF cells (A) Protein extracts

of vector control (RIFMFGpuro) and inducibie HSP70

transfected cells (RIFHSP70) were prepared and assessed

by western blot analysis for HSP25, 70, 90, and 110.

(B) Survival fraction of RIFpuro and RIFHSP70 was obtained

by colony forming assay. (C) Induction of adaptive response

was observed using clonogenic survival assay. Cells were

irradiated to 0.01 Gy and after 4 or 7 hr, high challenging dose

of 4 Gy was administered. 1,4 Gy alone; 2, 4 hr interval

between 0.01 Gy and 4 Gy; 3, 7 hr interval between 0.01 Gy

and 4 Gy
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Fig. 18. Inducible HSP70 acquired radioresistance
(A) Protein extracts of vector control (MFGpuro)
and inducible HSP70 transfected NIH3T3 (HSP70)
were prepared and assessed by western blot analysis
for HSp25, 70, 90 and 110. (B) Viability was obtained
by colony forming assay. (C) Counting using trypan blue
dye exclusion method. (D) ELISA cell detection kit
(E) [3H]-thymidine incoporation after irradiation. (F) Induction
of adaptive response was observed using clonogenic survival
assay. Cells were irradiated to 0.01 Gy an after 4 or 7 hr, high
challenging dose of 4 Gy was administered. 1,4 Gy alone;
2, 4 hr interval between 0.01 Gy and 4 Gy; 3, 7 hr interval
between 0.01 Gy and 4 Gy
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Fig. 19b
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Fig. 19c Soluble Particulate Soluble Particulate
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CO

Fig. 19. Inducible HSP70 increases basal level
of PKC activity and alters radiation induced PKC activity
a, Ca2+-dependent and Ca2+-independent PKC activity
was determined in Triton X-100 lysates from control vector
(MFGpuro) and inducible HSP70 transfected NIH3T3 cells
(HSP70) b, Ca2+-dependent and Ca2+-independent PKC
activity was determined in Triton-X 100 lysates from control
vector (MFGpuro) and inducible HSP70 transfected
NIH3T3 cells (HSP70) after 4 and 8 Gy irradiation c, Control
vector (MFGpuro) and inducible HSP70 transfected NIH3T3
cells (HSP70) were exposed to gamma rays at the doses of
4 and 8 Gy. After the indicated times, cells were lysed and
separated into soluble and Triton X-100 soluble particulate
fractions.
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Fig. 20. PKC inhibitor (H7) treatment attenuates the radioresistance

by inducible HSP70.

Survival fraction was obtained from control vector (MFGpuro) and

inducible HSP70 transfected NIH3T3 (HSP70) with or without 2 hr

pretreatment of 200 ug/ml of H7.



Fig. 21. HSP25 Prolonged Radiation-Induced G2/M Arrest
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Fig. 22. HSP25 Delayed G1 -S Transition After Irradiation
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Fig. 23. HSP25 Delayed S-G2 Transition After Irradiation

HSP25- HSP25+

Time after
irradiation 0 . 6 12 16 36

Cyclin A

CDK2

0 6

m

•r-4

12

m

mm

16

<•#

36

.-*

HSP25- HSP25+

Time after
irradiation

IP : Cyclin A

IP : Cyclin A

HSP25- HSP25+

Time after
irradiation 0 6 12 16 36 0 6 12 16 36

IP: CDK2

Time after
irradiation

IP :CDK2

Histone H1

0 12 16 36 0 12 16 36

12 16 36 0 12 16 36 IP :Cyclin A

WB : CDK2

WB : CDC2



Fig. 24. HSP25 Delayed G2-M Transition After Irradiation
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Fig. 25. Induction of p53 by Irradiation was Attenuated by HSP25
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Fig. 26. HSP70 Induced Growth Delay
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Table 1. Chromosomal Aberrations in Human Lymphoblast Cell Lines (NC-37) under

Different Schemes of irradiation

Groups
Conditioning Challenge

dose dose

Total number Total number

of lymphocytes of chromosomal Ydr

scored aberration

CL 1

CL 2

None

None

CL 3 148 MBq

None

2 Gy

2 Gy

CL 4 148 X10"1 MBq 2 Gy

CL 5 148X10"' MBq 2 Gy

CL 6 148X1O"J MBq 2 Gy

CL 7 148 X10"4 MBq 2 Gy

CL 8 148X10"" MBq 2 Gy

CL 9 148X10"6 MBq 2 Gy

p<0.01 comparing to CL2

191

217

218

233

224

214

238

221

191

16

56

45

47

63

32

38

51

44

0.08 ±0.08

0.26 ±0.02

0.21 ±0.04

0.20 ±0.04

O.28±0.04

0.15±0.02*

0.16±0.03*

0.23 ±0.03

0.23 ±0.02

CL 1
CL 2
CL 3
CL 4
CL 5
CL 6
CL 7
CL 8
CL 9

148 MBq£] * H H

148 X10"1 MBq£|

148X10* MBq*|

148 X10"3 MBq^

148 X10"4

148 X10"5

148 X10"6 MBq£]

2 Gy

3*1*H>

3*1*1*1:
3*1*1*1:

2 Gy-t ^4*>
2 Gy# 24*1
2 Gy# 24*>
2 Gy#
2Gy#
2

-121-



0.30

— 0.20
=

ra 5
1 8

0.10

5a

0.00

0.08

±0.08

0.26

±0.02

0.21

±0.04

0.20

±0.04

0.28

±0.04

0.15

±0.02

* p<0.05

0.16

±0.03

0.23

±0.03

0.23

±0.02

CL 1 CL 2 CL 3 CL 4 CL 5 CL 6 CL 7 CL 8 CL 9

Fig. 2. The number of chromosomal aberrations in serial dilution

groups after high dose radiation in human lymphoblast cell-line(NC-37 cell line)
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Con-T103 subtracted cDNA probe T103-Con subtracted cDNA probe

Fig. 3. Differential screening approach. Dot blots hybridized with cDNA

made from Con-T103 subtracted cDNA and T103-Con subtracted cDNA

probes

A1—D9 : Con-T103 subtracted clones

D10—H7 : T103-Con subtracted clones

Arrow "• The concentration of the clones cDNA fragment in T103-Con

subtracted cDNA were much higher than Con-T1o3 subtracted cDNA
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Fig. 4. Comparison of size to each clones by electrophoresis
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S U M A R Y

I. Project Title

Elucidation of Early Radiation Effect and its Mechanism

II. Objective and Importance of the Project

There are many radiation-induced early responses was proposed, however, it

is still unclear in relation with teratogenesis or carcinogenesis. Radiation effect is

divided into two mechanism; one is direct DNA damage and the other is indirect

effect by oxygen radicals. Radiation induces single and double strand breaks in

DNA and induction of DNA break is generally considered to be a lethal event.

Radiation also damages the cell membrane, inducing pathways that may lead or

contribute to cell death. Radiation-induced damage leads to cell death by two

mechanisms: apoptosis, an active process of cellular suicide, and necrosis, a

process generally regarded as passive, which, in the case of radiation injury

results from passage through mitosis of cells containing unrepaired DNA breaks.

Several genes or proteins such protein kinase C, immediate early genes (c-fos

c-jun, and NFkB, etc), cell cycle regulation and chromosome instability are known

to involve in these process. Cellular damage by irradiation is mediated by oxygen

radicals, especially causing serious damage in DNA. DNA damages by oxygen

radical are various, however, among them, 8-hydroxyguanine forming by

hydroxylation at 8-position of guanine may be the marker of DNA damage and

mediator of mutagenesis. 8-hydroxyguanine is easily forming as well as

detecting in tissue by irradiation and is possible to use the indicator of DNA

damage. Also, 8-hydroxyguanine mismatch with A instead to C, inducing GC-»TA
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transversion and activate the oncogene by GC^TA transversion, finally

transforming benign tumor to malignant cancer. But, until now, it is not yet

elucidated how formation of 8-hydroxyguanine contribute to the harmful effect by

irradiation. The answer to this question is very important. In this study, we

examined the number of target genes which are involved in radiation induced

early effect and elucidated their mechanism.

III. Scope and Contents of the Project

Cell Culture and Materials. Primary mouse epidermal keratinocytes and skin

tissue were isolated from BALB/c mice and keratinocytes were grown in Eagles

minimal essential medium with 8% Chelex-treated fetal calf serum, 0.2%

penicillin/sreptomycin solution, and 0.05 mM Ca2+ to maintain a basal cell-like

population of undifferentiated cells.

Irradiation: Cells were plated in sterile 10 cm dishes and incubated at 37 °C

under humidified, 5% CO2-95% air in culture medium. Gamma ray from 60Co

theraton-780 teletherapy unit at a dose rate of 119.7 cGy/min was irradiated to

the cells and prewarmed media were changed after irradiation.

Cell cycle analysis : For cell cycle analysis, cells were fixed in 80% ethanol at

4°C for at least 18 hr. The fixed cells were then washed once with PBS-EDTA

and resuspended in 1 ml of PBS. After the addition of 10 ml propidium iodide

solution (5 mg/ml) and 10 ml RNase (10 mg/ml), the samples were incubated for

30 min at 37°C and analyzed with a FACScan flow cytometer.

Immunoblotting: The cells were washed twice with ice-cold PBS and scraped

into SDS sample buffer, boiled, and run immediately on 8.5% polyacrylamide

gels. Proteins were transferred electorphoritically to nitrocellulose, and the

membranes were blocked in 5% milk. Pirmary antibodies for specific antigens
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were used and proteins were detected using the ECL system with horseradish

peroxidase conjugated secondary antibody.

Immunoprecipitation and immune complex kinase assay. Immune complex

kinase assay was performed as previously described. Briefly, cell lysates were

incubated with a primary antibody, and immunocomplexes were collected on

protein A-Sepharose beads and resuspended in kinase assay mixture containing

[32P] ATP and histone H1 as substrates. The proteins were separated on the

SDS-polyacrylamide gels, and bands were detected by autoradiography.

Detection of apoptosis: For the detection of apoptotic cells, the cells were

plated on glass slides and irradiated with 4 Gy. After 12 or 24 hr, cells were

fixed for 20 min in 3.7% formaldehyde, and washed with phosphate-buffered

saline (PBS). The cells were incubated with Hoechst 33258 solution in PBS (4

mg/ml) for 30 min at room temperature in the dark. Specimens were analyzed

with a Bio-Rad MRC-600 confocal imaging system mounted on a Nikon

Diaphot-TDM. The percent of apoptotic cells were determined.

Chromosomal instability is a central of the changes of cellular contents by

irradiation. Recent advances in telomere biology have been exiting and have

pointed to telomeres as important elements for cell survival, senescence, ageing,

etc. through the controlling chromosomal stability. The direct connection between

chromosomal stability and radiation-induced phenotype such as senescence was

suggested in the present study through investigating telomere breakage by

irradiation.

Establishment of mutant of 8-hydroxyguanine repair enzyme

Our team screened the mutant type of cell lines in 8-hydroxyguanine repair

enzyme of OGG1 gene and tried to use in this studies.
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Detection of activity of 8-hydroxyguanine repair enzyme

We tried to compare to repair activity between wikd type and mutant type of

cell line in 0GG1 gene by detecting the activity of hOGG1 mutant type and

wild type. The enzyme was assayed both for glycosylase actvity to remove

8-hygroxyguanine from DNA strand and for endonuclease activity to cleave the

DNA strand at the site of 8-hydroxyguanine.

© Endonuclease activity :

Two 21mer oligonucleatide one is containing 8ohG was and the other is

containing G at the site of 8ohG were labeled with 32P at the 3 terminus and

annealed with unlabeled complementary oligonucleotide. Each of the duplex DNAs

(0.2 pmol) was incubated with the cell extract (50 g protein) in 20 ul of 50 mM

Tris-HCI, 50 mM KCI, 1 mM EDTA (pH 7.5) at 37 °C for 15 min. Cleaved

fragments of substrate DNA at the position of 8ohG were detected by

autoradiography. G*/C : duplex DNA containing 8ohG and G/C: duplex DNA

containing G at the position of 8ohG. The arrow indicates the fragment cleaved

at the position of 8ohG.

© Glycosylase activity :

A 21-mer stranded oligonucleotide containing 8ohG

(5'-CAGCCAATCAGTG*CACCATTC-3': G* 8ohG) was chemically synthesized (The

Midland Certified Reagent Co., Medland, TX). The oligonucleotide was annealed

with its complementary oligonucleotide and the resulting duplex DNA was used

as the substrate for this assay. The duplex substrate DNA (4 pmol) was

incubated with the cell extracts (2 mg protein) at 30 °C for 2 h in 1 ml reaction

mixture (50 mM Tris-HCI, 50 mM KCI and 1 mM EDTA, pH 7.5). The reaction

was terminated by heating at 90 °C for 3 min. The amount of 8ohG released

into reaction media were assayed.

Quantification of 8ohdG level

DNA was extracted using the DNA Extracter WB Kit and digested with

nuclease P1 and alkaline phosphatase in a 10 mM sodium acetate solution at 37
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°C for 60 minutes. After incubation, the mixture was centrifugated at 13000 rpm

for 5 mins. The supernatant was filtrated by a filter tube and injected onto an

high performance liquid chromatography column equipped with an electrochemical

detector. As standard samples, deoxyguanosine and 8-hydroxydeoxyguanosine

solution were injected. The value of 8ohdG was calculated as the number per

105 dG.

Cellular damage by irradiation

© Detection of cellular cytotoxicity

After irradiation of cell suspension (5X105/ml) at various dose, irradiated cell

suspension was incubated for 96 h and the cellular cytotoxicity was detected

using MTT method, trypan blue and [3H]-thymidine uptake method.

® Cell cycle analysis

Flow cytometric analysis of DNA content was performed to assess the cell

cycle phase distribution. 1 x 106 cells per sample were harvested at various

times and fix for 1 hour at 4 °C with 1 ml of 70 % ethanol. Cells were washed

twice with PBS buffer and incubated in the dark with 100 ug/ml propidium iodide

and 100 ug/ml RNAse A at 37 °c for 30 minutes. Analysis was performed with

a FACSCalibur flow cytometer. The computer program Cell Quest and Mod-Fit

was used to generate histograms, which were used to determine the cell cycle

phase distribution.

© Apoptosis assay

Flow cytometric quantification of apoptotic cells within the propidium iodide

stained population was measured as sub-G1 hypodiploid cells. 1 x 106 cells per

sample were harvested at various times and fix for 1 hour at 4 °C with 1 ml of

70 % ethanol. Cells were washed twice with PBS buffer and incubated in the

dark with 100 ug/ml propidium iodide and 100 ug/ml RNAse A at 37 "C for

30 minutes. Analysis was performed with a FACSCalibur flow cytometer. The

computer program Cell Quest and Mod-Fit was used to generate histograms,

which were used to determine the cell cycle phase distribution.
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IV. Results

1. Transfectant of PKC (alpha, delta, epsilon, and zeta) dominent/negative

mutant was prepared using NIH3T3 mouse.

2. Adenoviral system of PKC (alpha, delat, and eta) was established.

3. When PKCa adenovirus was infected to primary keratinocytes,

differentiation was induced morphologically and differentiation marker

expression was increased.

4. Radiation increased G2/M phase arrest which is related to the

expressional and localizaional changes of G2-phase cell cycle regulators.

5. Cellular senescence by irradiation was accompanied by telomere

fragmentation

Gradual loss of telomere ends limits the growth capacity of primary cells, and

ultimately leads to the cellular senescence. Since it has been reported that

telomere-associated cellular senescence may contribute to certain age-related

disorders, we investigated whether irradiation-mediated cellular senescence might

be related with telomere dysfunction. MEFs exposed to r-irradiation exhibited the

severe morphological changes associated with cellular senescence, which was

confirmed by SA-/3-gal staining. In situ FISH revealed that massive fragments of

telomere were produced at the same dose of irradiation, indicating that cellular

senescence by irradiation might be related with telomere fragmentation.

6. Establishment of mutant of 8-hydroxyguanine repair enzyme

We found a point mutation in hOGG1 gene of KG-1 cells, which was CGA->

CAA (Arginine-^glutamine) at codon 229.

7. Detection of activity of 8-hydroxyguanine repair enzyme

We compared the activity of hOGG1 enzyme of KG-1 with that of U 937,

having wild type of hOGG1 gene. hOGG1 enzyme was assayed in terms of

glycosylase activity and endonuclease activity). KG-1 as compared to U 937 was

almost negligible in both glycosylase activity and endonuclease activity.
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8. Quantification of 8ohdG level

We examined the level of 8-hydroxyguanine using UV/ECD-HPLC in* cellular

genomic DNA at day 3 after irradiation. KG-1 cells contained more amount of

8-hydroxyguanine (0.22 8-hydroxyguanine/105 deoxyguanine) than that of U 937

(0.05 8-hydroxyguanine/105 deoxyguanine). It suggest that formation of

8-hydroxyguanine by irradiation showed significant different between wild type

and mutant type of hOGG1 gene.

9. Cellular damage by irradiation

© Detection of cellular cytotoxicity

The effect of r-ray irradiation on the growth of U 937 and KG 1 cell lines were

assessed using MTT test at day 3 after irradiation at various doses. At this

date, indeed, we observed a pronounced effect between the two cell types.

The cell growth of U 937 was not affected, but KG 1 cell was inhibited at the

dose dependent manner of irradiation, we also determined the effect of oh8dG

on the cell growth by trypan blue exclusion and [3H]thymidine incorporation to

confirm completely the effect of cell growth by irradiation. These result are

significantly consist with MTT test. Therefore, from these results, we found that

KG 1 cell showed more sensitive than U 937 cell by irradiatiojn.

© Distribution of phases of cell cycle after r-ray irradiation

Having demonstrated that irradiated KG 1 cells resulted in significant levels

of oh8G in cellular DNA comparing with U 937, we observed the effects of

8ohdG in cellular DNA on cell cycle. Cells were harvested at day 3 after

irradiation and analyzed by flowcytometry. Percentage of G2/M phase of

irradiated KG 1 cell increased significantly and also distribution of S phase is

not found. However, In case of irradiated U 937, Percentage of G2/M phase

increased a little and distribution of S phase is not changed compared with

non-irradiated control. It suggests that KG 1 cell seriously need to have the

repair time because of increased 8ohdG in cellular DNA by irradiation. Because

KG 1 cell have the loss of repair activity against 8-ohdG in cellular DNA in

spite of the arrest of the G2/M phase, prolonged G2/M phase arrest contributes
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to the accumulation of radiation-induced DNA damage and activation of the

pathways to cell death by apoptosis finally.

© Cell death by irradiation induce apoptosis

The decrease in KG 1 cell counts, and change in cell appearance following

exposure to irradiation suggested that resulted in programmed cell death, i.e.

apoptosis. To further investigate this possibility, flow cytometric analysis were

performed on two cell lines at day 3 and day 6 after irradiation. We found that

oh8dG induced sub-G1 hypodiploid cells (apoptotic cells) in two cell lines,

however, the population of sub-G1 hypodiploid cells is higher in KG 1 cells

than in U 937, 17 % and 5 % at day 3 respectively and this tendancy at day

3 after irradiation is consistent with at day 6.

V. Application plan of project result

We suggest the useful possibility of 8-hydroxyguanine, PKC, cell cycle

regulators, and telomerase as indicator of cellular damage by showing the

different sensitivity to the irradiation.
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cell marker (K1, K10)2] g § § ^j 7H| £| X| °_h granular cell marker (loricrin, filaggrin)°l
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checkpointsBU ¥ ^ a Checkpoints^ cell cycled £!ISe ?l§rOi ^HA|
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checkpoints f̂ ^X||S^C||, 0|^0| =^ °h cell cycle events ^ 1 § monitoring &Q
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error7^ ^ ^ ^ HH cell cycleS S^?1| S^SM| cell duplication 2 r§ §2 | CHI&HCH| c||
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x(f of^2 r±r 5f7||glO| cell cycled 3 i i f S S ^ 91Q. Single organising fe
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B SOi yeastO)|Ai°| commitment point (Start) fe mammalian cell0||A12.| restriction
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cell cycle regulation^! 7|3 0|| o|5H £^£|<H£!ptr A f ^ g S|e •10^A^0^ gj

Mammalian cell0||Ai2| radiation effectOll CHSI S?|2| °^§S Hela cell S0||Ai

T^ISSlOiSCK Hela S3 cellg 5 Cy^ irradiation §rS division delay^ ^M^^M S

phaseS cellS°l accumulation0| ^0iU^D|| O|e|th accumulation^ C10]|Ai S phase

S ° | cell cycleSl transition rate^l ^s\Q\\ 2|g[ 5lO| OhM 5.r DNA synthesis rate^l 5j

S^jei depression°| ^2JS SKHL-l-fc: 5!0|iiK n £ m 0| cellS 0.34-1.35 §SS | Xi

S?l g!"Arid ° S SAfSfS S phaseOll A-i 2| duration Lr G10|| Ai S phaseS°|

transition^ Mm^ UErL^I St^l Et ^A r 1 A|£j- 0|L||0|| metaphase°| &]£7r MOj

Metaphase l̂ olS7^ &Ar£! ^Af ^ 1 A|^ 0|L_HCHI ^4:S|-

| radiation Oil °| SI ^ms= metaphase 1 A| ZJ- g o| )ate C20)|Ai

, 01L^ ccah dose°l §7\0\\ a}S} C2 delay l̂ duration EES!

? ! ° S i4E r^C r. SIS synchronization^ Hela S3 cell Oil CHS! &AKd

division delay^ G10||Ai SA rS cell Oil Ai j\Q #n L [E[y2, G20II

FS fe2Jt°.Di S phase°l cell0l|Ai^ n § ^ § £ S Lr^^QK G10II

lMg S phase r̂ ^Z l 3SH|0i L rEH^o0j> C 2 phase0j| 2iCH Ai °|
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0||Ai£rfe i ja | Aj2|& G2 delayS S S a 5ESI- S phased 21 fe cel l#g £Af ^ S

phaseSj g^Jil- mn DNA S^SEE^r ^4:£|? i^ t | | Oi^i phased °ife cellSSE ^
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2J&!- G1 delay* £ 0 | * | ^ ?>?̂ Cf. Chinese hamster V79 cel l§^ radiation^! °|§H

dose-dependentt!- mitotic delay* i£0|feC|| late S0U1 5AfS cellsOl ?r& SJ&S|-

S i G1 phase°l cell S0| 7 r& ^^§FSa°DJ G20|| ° i ^ cell§g H gZJ- 9 £ ° |

mitotic delayS L^maiCr. 0|2f ore&l mitotic shake-offS synchronized CHO cell

£ gMr{d £Ar0|| cq-Ê  £j2JSh division delay* fiO|^c|| 0| delay EE§[ dose r̂ cell

cycle °| 3 1 9£0|| dependent § r^P . 0 | ^ g ^ A ^ g D| ^ e t ^ | £ | cell cycle

Oil 2irr cell M^lAi Ci & de|ay g j i f f LfE^Crfe a t ^h ^ 2iP (G1 CHI Ai Z\±,

G20l|Ai S|CH). 0|&2| 3 ^ S^rS M Ĥ V\¥¥°-\ delay^ G201!Ai9.|

srfe 5 0 U Ĵ=ei2| delayer G10IU SS S& progression Oil Ai SJOItn^

ccr-̂  ^A^ t l §.m\ mouse L3 cellO||AiS &^£|g l^c i | , 0| cell Oil 20-50 Gy

i A | - S ^ G20j|Ai°| reversible?!" blockCHI ? | ° ] u ^ &^® division delay

, doseS 2.2-5.8 Gy S ^ S 2h£A|?l SA^S^ G10||Ai SS°I transition

2J delays &^l DNA & ^ e o | X\e\S\0\ ^E^yc^. Human tissueS¥Ei ^JS g y
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cellS 5-50 Gy^l dose^ i A ^ ^ G10l|Ai S phase^°l movement g £
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^ o ^ fa
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W G1 arrests p53^l &EJ|O)| 2|^* jO|Eh Kaston^OJl n f so j ML-]

myoblastic leukimia cellOII 0.5-4 Gy°| radiation^ ^ 3 G0/G1 2\ G2/M CHI Ai cellM

2| accumulationOI QJOiyq. G1 arrestfe y g doseOll Ai ^A)| § ^ | L ^ m n ^ g

doseO||Ai^ G2 arrester °Ai|§r?]| M-Eiycj. ££§} s phaseO||Ai 3EAfg celHtiir G2/M

CHI Ai ^ g « l i Sfif 5 ! ^ p53 protein°S gJBi&cK ^|Ai|S P53 protein

Northern b l o t ° S M W p53 mRNA^I ^§\^ 8i?l n||go|| 0|£iSI g^pfe

posttranslational modification0|| r i m "EJ"̂ 4^ *r* i l - l stabilityO|| °|SJ- ^SlsL A|-S3

C-K ^fA|--y iA|-0|| tt|-^ L ^ hematopoietic cellar non-hematopoietic cell lines (human

fibroblast, colorectal carcinoma cells, osteosarcoma cells)—I y U r r ^ ^ S &} SrC-K

o[ oj-^j o . ^ , ML-1 ^ 0 | wild type p53S ^"Ssrfe cell l inelirr radiation-induced G1

arrestS L^EH4|A"|D1 mutant p530|i4 p530| gife cell l i ne^g G1 arrester

?i^Q. ycHS radiation0|| °|eJ C2 arrests p53 &E||2f ^5fStO| LfEfyc

wild type p53§ shS§rfe RKO cell L[jS mutant p53f§ transfection5[-gj radiationCHI

2J§j G1 arrester M0]^C\. ycHS p530| SlJZ radiation-induced G1 arrestS S0|X|

?«fe HL-60 cellS wild type p53S transfection§r2J 13 arrester ¥ ^ ^ 1 — i t restoreSI

EK Kastans^ p532r radiation-induced arrest AfO|°| ° i ^ ^ S wild type p53 geneOl

deletion^ p53 knock-out transfenic miceS 0|g§|-0i 2£A|-5^C|-. 0| mice^ ^Q^t

tumor m^\ lymphoma S\ sarcoma)OII UiSI ?!£?[ ^E^fe 5!°i Ai|£|5|-£j S-fe!"ji|- D|-

Sh^r^lS shi^e[E|-. IntactSi p53 geneM J W ^ S-y- mice^¥Ei ^cL|§} fibroblast^

2-4 Gy ^A f ^ ^r^SJ- G1 arrestS UEftlj oj-oji p53 ^*\K\J[ deletion^ m ice^¥

Ei gEJ=! fibroblastfe G1 arrester L ^ m ^ l aJSJt^I, t ^ l § m 2 | S^J- P53 ^ £ ! ^

» ^ r3 m ice^¥E i ° | fibroblast^ a g Z } 3 £ 2 . | y g § L^EKHSiEK P532.| effector

moleculetr p212r gadd45S ^iiM SifeCil, £|0||Ai£ 2J3SI tlr2r ^ 0 | gJ"A|-{d £Af

¥ p53O)l 2|5H ^ h S0| g 7 r S p21g CDKM2J ftAHg ^ j ^ | S r H S M| cell cycle

arrestoil H ^ l ^ g § r ^ 3 ° ? O|7|£!CK G1 arrest Oil Ai 2| Gadd452.| ^gOII 01 SI

9 9 - SEt!- ^otg|-7j| Ol^CHSfem, Gadd (growth arrest and DNA damage-inducible)

r S ^ alkylating agentS\ ^ h S DNA ^ ^ h agent2J MMS (Methylmethansulfornate)

serum starvation^ S c ^ S i Ai6||5rfe dSCHI °|S|| CHO celfOfl Ai 2|
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I S7F&CI-. 0\m S § m ° ] ^ S ^ o j Gadd45tr human cellO]|A1

^ Gadd ^£!*rS>rfe pS7 j | X-irradiationO]| °j§H ^ § ^ 1 #SE£]O1X|feC|| 2Gy

^ dose 0||A-|S irradiation ¥ gadd45 mRNA7r 3-4LJH § ^ S^rtJS- i f 4^

g g p532| &EH^ gadd45 mRNA induction A r0|° | ^ 5 ° 1 ^ £ ! S ^ h 2

SH^CII, § & P53S Jr£! cell lineg 20GyS irradiation^A1 4 A|21 ^ 2-10t)H°l

gadd45£| g ^ r S e e l d J9 , H|§fehei p53g ^rS A1 |£ge gadd45S| inductionOI U

Emx | QtSJtcK p53 response^^ S!fe ataxia telangietasiaS JrS & ^ r S ^ E i ^ & | S

cellS £Eth gadd45 mRNA2| induction^ & & i | 7 ; | StSi^K DNA sequence analysis!

4 gadd45S| M\ a^H intronOI P53 binding sequence^ ^ ° ^ h § ^ S ^ r3 sequence

g J r ^ C r ^ 3 i S ^^SISICK ^A1| 0| sequences 7\£1 oligomerOil wild type p53

fe g lTW ^ a i ° H mutationS sequenceOllfe § g S W ^ § r f e 5 i ° ^ ^EffetQK

E£ 0| sequences 0 |gs [ CAT assay S 2t wild type p53 EhO| CAT^I transcriptions

£ S iPJ l aO1S OF. n £ i ° £ gadd45 SESh G1 arrestofl 1 ^ 5 j ° j { J S S ^

P53°l downstream factor^ ^ S S f e 5 ° 5 ^ ^ 1 & 4^ 2iCK P53 ^ G1

arrest^S] 3 £ h ^ g Burkitt's lymphoma^ lymphoblastoid lineS 0|gsh O'Connor e

°| ^S0| |Ai 5E& IT UE^t+CK 2 f g 6.3Gy^| g f A ^ g SA r th ^ &£!§[ G1

arrest^^ ^ B F L ^ X | g ^ cell UneOflAi 3 ^ 5 ^ = q|, ^ cell line 2 ^ intactSt p53

5 ^r5^gO]|]£ i ? § U G1 arrest^^ s ^ g ^X | StSJta. Western b l o t l ^ 0| ¥

cell l ineSS radiation ¥ p53^l induction § £ 7 ^ 0 r ^ ^B 5 °

, irradiation ¥ L r E r L ^ G1 arrest^ p53°l -fej-EH L-h H induction

SICK ti\m G1 arrestsF DNA repairS g?FA|?|fed| g S

y , arrest°| lossS radiodensitivityS A J S S 4^fe StCJ-.

Ai P53 Knock out miceS^Ei ££ |£ ! fibroblastfe t h ^ o m yss p 5 3

deletionSjOi g i ^ l ^ . C||BE5^ b|Jnm OH radiosensitivityOll Ai £ Of ttj ©h

X| SfStJtl̂ . EE& RKO cell LHS°| mutant p53^l transfection ^A | radiosensitivityOll

CHS 9 t t £ DI^IXI =SHEK H&IJ2 Little i g HPV16 E6 gene^l transfection Oil 2 |&

p53 J | s 2 | 5HAi|7r human tumor cell (HI 2J01 radio resistances enhance§r^l S&C|-

JL a H s r ° j E K A r ^ , CHS a^Ol l fe mutant p534 G1 arrest°l loss^F

radioresistance^l g ^ r ^ S&£|(>i U E } L p | H §[Lf. Lee 9\ Benstein eoll t c ^ o i

mutant p53S J\^\ transgenic miceS^Ei \-\^ bone marrow cell§0| wild type°.S
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r-irradiationOll UlSrOi S ^ S ^ I SJ^ l fS S°]q- (DO

2.48-2.80 vs.1.75 Cy). E£§[, O'Connor^ lymphoma cell MneCHIAi wild type p53°|

loss^r G1 arrests) loss?!- radioresistance r̂ 5 ^ 0 | giC-r^I (t)|^ & ^ & correlation

£ 0H_|X|D|) ^ S S ^ a O|*jgj AiS #^S| fe i 2 H 8 H*|A|?|?I^ 01 ^ X| °h

thymocytes°l S^oilAi q-£ ^ 4 § O | 0| g*||oi| c(if[ 4 fD r£|g xH^tlcf. Wild type

p53S ?r£! thymocyte^ 1 Gy S ^ l doseOll CH5HAi£ ^ s | ej&SHAi irradiation ¥

1A|zi 01i_HCHI P53°l e ^ t h e ^ ^ S O U apoptotic cell deaths UBl-ycf. ycHS

gfffioj £ > £ U ^ §O1S homozygous null p53 miceS^E-|2| thymocytes^

glucocorticoidOII inS£|2iS HH^ S^s jo j apoptotic responses a ^ g o | | £ M^L5^

J I 20Gy § £ - l ^ 2 doseOilS radiation-induced apoptosisOJI ^ £ S resistancesfcf-

55, 57)_ g } ^ Copya} jntactSi p53S J\U heterozygous miceS^Ei°| thymocytesfe §

^ 3 £ 2 | . ° l ^ ^ g a e i a . 0|* lg lymphocytesU bone marrow cell ^ g § # ° I cell

typeO]|Ai P53fe radiationOtl ygS|-0i L jE^ fe apoptosis r̂ G1 arrest ¥ pathway 2

^m triggerSpl ?|5H SS5J s^o |X |e i , fibroblast S\ ^ S C ^ cell typeOj|A1 P53

fe EfX| G1 arrestS ?HA|S^q| aiOH gSSI S ^ S sfSlUlK &

wild type p53£| ^ ^ g radioresistanceS g ^ F ^ H ^ Mi apoptosis l̂

3 Sjgnalg apoptosis pathwayOll f S S 2 4 : 1 5|g5r^l

wild type p53 7|^2] loss^r radiosensitivityOll 9 f t g ^|X|X| = S r ^ ?J0|

S p//ase cte/a/

Irradiation^ C1 arrest £2} 0 rL|^ S phase SS0l|A1£| X | ^ s 0 p | s ^ q | 0| BH

SI delays DNA l ,h^S°l ^±0 | | 7|£!8fr= 3 ° S 017=13q-. DNA 1 , ^S° | ^ ^ f e

lower doseOll Cf) ©j- radiosensitive component̂ l- high doseOll 2| §}• radioresistant

components Jr£! biphasic dose response^ SSl^K Watanabe groupOllAi

3H-thymidineS| ^AH S^|A| autoradiographyg 0|§sr01 mouse leukemia L5178 Y

cellOUi AlSSFfe- DNA fiber°l 1JO|S ^SsrSJ^t l l , Do 130 Gy 2J radiation doseS

plot § r ^ S HM DNA chain growth2.| rate7^ a ± S f SFSSiiq. ZI£1H^ high doseOJI

-let S phase°l delayfe radioresistant components § 5 ! DNA chain elongation !̂ M

mo\\ J\°1&Q^ ?Am ^ ^ 9XQ. & S low doseOll °\m S phase delayfe
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radiosensitive component °l S"^M i e ! replicon initiation^! AioHofl ?|£J orfeCil

Making Okada fe 3H-thymidine°S L5178YM pulse-label5rH 3 DNA» alkaline

sucrose gradient sedimentation 5 r 01 5Gy£| radiationOI DNA S!"^g2.| &±im Op|g}

smaller sized DNA;>r ijem*\ S^OII 0 | £ ! ° S g [£|| 0 | cell01|A-J DNA t,

^ 2 j ^ 4 : b chain elongaton SC-r^ 2s |B i replicon initiation°| ^ § H ^ 9J*|5}Crfe

5!S ^ ^ SicK SE& ^ g y a § A ^ ^ 0 1 5-8Cy^l dose^f CHO, Hela, mouse L

cellCHIAi replicon initiation^ ^ S H s m ^ %^ ^ 2 6 ^ ^ . 0|£r O rg£i , Painton^

Youngg target size^l ^ 3 0j| 7|S5HAi, single radiation hitO| t ^ l srL|-o| replicon0|

0[L|af S^ l replicon cluster^! irradiations ^SHeiafe ? !£ ^ # S r o j c K Wang^OI

Ap§S[ alkaline sucrose gradient sedimentation "fei 130||A-) 51 radioresistantSJ- 3.7 cellOII

M radiation ^- 1 A| ̂ J-CHI ^ S [ replicon initiation^ suppressionOI ^OjLf 6A| Zj 0 | ^

7)\7\ ^^|£|O|5!Crfe 5 !S ^h ^ 919XQ. 0\9.[ ti\JH§\0i radiosensitive §1 MR4 cell Oil

A i ^ a wj otsh replicon initiations suppression^ fiS^, 3 LJ)X| 6 ^0)| g 2 ^ j

cell NneOJlAi chain elongation°l inhibition Oil 2i 01 Ai 9.|

°l@, synchronized^! 3.7 cellg early S phaseOj|Ai

10-50Cy°| dose^ ZEAJSFSSS W MR celioil b|8H 2 UH LH X| 3 HHS5£°| S phase

delay^^ Ll-E-rthC-K 3.7 cellS 3A|^ }§° i 10mM Staurosporine (tyrosine protein kinase

inhibitore!) *H£|Sr:n irradiations^, MR cellO||Ai S2J levelCHI b|§r0i DNA m& X\

SH r̂ 0 r ^ ofSfiE|(HX|^q|, 0 | ^ g ^ A r t ! 5Ar0]| ttrs S phase delayOll protein

tyrosine kinase °l tt^0| S ^ t l O i S L r f e 5!S ^ 5 j ° S A|Ar6rfe 5J0|Q|-. 5E&

alkaline sucrose sedimentation-^ g ^l S r̂CHI tq-^S staurosporineOI radiationO|| °| §H

induced^ replicon initiation^! inhibitions reduceSrfe 5 ° § £ L^&r^LK 0 | ^ ^ ^

0| ^Ar>d Z&ArOll tt^e S phase delays &&& ° J ? i § L r g § r 2 J ^ . S|-A|Si S^H

S phase delay Oil ^ £ ] °-^S§ 5 r ^ factorpg ^ 3 £ | A | ?>J: o|^_ 0 | ^ ^

iA rO]| L t ^ s phase delays ^ ^ ^ ^ I 3 & Cl 0|L[ G2 arrest°l ^ISOII b|

^ 5 ^ 1 ojXI S f o H S C J £ £ radiation^

m ^ am.

C? arrest
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u\E\ rat fibroblast MR4 celiom 3.7 cell Oil Ai

radiosensitivity2| *rO|fe double strand breakU- rejoining 3 S ° | *r0|0|| °| §1 %0\

0\\J[Q. n e j U radioresistantth cellMOl sensitive®! c e l l ^ s a ^A r t ! £Ar0|| y g s f

Oj Di =£!§!• C2 delayg £21 Ch SV40 large T antigenOI transfectionS human

diploid cellO||Ai£ 0|2f fth\® correlationOl i4E^feC||, SV40 immortalizes cell^S

parental cell § Sty C\^ radioresistant SrS^I 5Eeh C|^ &s[ G2 delayS SSiCK 0|

£1- ^ g radiosensitivity2|- G2 delayZI°l correlation^ g s j s ^ l g|8p| ?|§HAi^ °j

A"i ^A^Oj | ojg|| jnduceSlfe C2 arrest°l ^ ISS ^ h 0 ^ H £ ^ 91Q. ^|2| g ^ 5 j

^ cell cycle °| £!?8 ir^OllAi ° j ^§ } 5 ! ^ g cell cycle °J C2/M transition Oil ^

cyclin B10| ^ S ^ f i §r^I ?IQ. QMtt ^Ar0|| tt^ c y d j n B 1 £ | y ^ g 5 A [ §

NAuschel ^21 o^OllAi Hela cellS thymidinelll aphidicolin ° S G1/S boundaryOil

synchronizes^ ^ A f t j g iA^grS^ QM e i^ t l - S phase delay2f &^| G2 delay?^

UBiU G20||Ai 5 A ^ cellSg fl^l Ci 2J G2 delay

O|nH cyclin B1°l level0| 0 ^ ^7\\ ^X\^C\^ %0\Q. UJ

0)|A1fe G1 phaseOll 91^ cell§2|- b | H S ^ 10UH 0 | ^ c y c | i n B1 level0|

+CK 0 | ^ ° S I IK S phaseOll oife cell S0|| CfleF ^ A r ^ 5 A [ 5

G2 arrestfe cyclin B1°| ^Sj ejTHIfif ^SSt ^ ^ ^ 0 | °ife 5 S ^

5ESI- 0| cellSg 3 S 0 | 5 A f £ | t cell cycle phaseOJl dependents^l cyclin

B1°l mRNA2f ElB-l)I level* i ^ ^ H g Mi G2 delay°| § £ I i ^ S f b 5 ! ° ^ 0i

7J2CK 5E& S phaseOll 2 i ^ Hela S3 cellOll ^ A ^ S i A r 5 r S , doseOil dependent^

n cyclin B1 mRNA°l i S ^ ^^1|£J^ etS cyclin A°| mRNAfif t ^ ^ levelg S

^hah l̂ A|sfthLK «|A^ iA^ ^ G2/M0II accumulation )̂ cell0l|A-|£ cyclin A °|

mRNA levels ?l l^ £J\S\0\ ^Hd[^L]\ 0 | ^ t [ cyclin A°| £?\J\ cyclin B1 °\ ^

QWm G2 delayOil 3 ^ £ | 0 | Sife^lfe ^^M 9XM QtP. Human leukemia myeloid

celieJ U937 cellO||Ai°| cyclin B1^h^0|| LH & radiation 5 2 |

G1 phaseOll 2 ib cell 1 8 ^ A ^ SAr0i| t̂ S-f cyclin B1

cyclin A2f cdc2, cdc25A°l %i&£ g7^A|5lc^. S phaseOll 91^ cell

K Sr^r CHO cell0|| q & radiation SHrfe G2 phase accumulation

0| EH cdc2 kinase°l tt^0| g^j^ l ^ 4 : & S ^ ^ 21C

Ramos burkitfs lymphoma cell^ K562 erythroleukemia cellg l-8Gy
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A|-Sr0 cdc2 2.| tyrosine phosphorylationOl §J\f>\H kinase activity^ Q±&Qm. 0|

S & g 0 | ^ * M | °d(HL[c C2 delays* ° i£ [£0 | 2jfe 3 ° ^ a015!p. TflCr^

protein tyrosine kinase 9*11*1121 herbimycin£ G2 d e l a y s OJ-M Bh cdc2 kinase M

&»m ^H\mQ. S£ Caffeinee &Ar£! £Ar0tf °|§H 0^l£| fe S phase delay2|- G2

arrest S ¥ l *|S||SFbO|| 0|ttHS cdc2 kinase activity^ §J\S\6i HE l t f c

chemotherapeutic agentH ^£§h C2 delaylt induceticj. RadiationOfl r_H§h L

DNA damaging agentMOll ^gSrO1 ^O|L|-fe C2 arrestfe C^gl- cell typeCHI

LWDJ ^^ I IS C2 arrestS 915H ^ S § ^ ^I£!S C ^ ^ | ^ o j y c K HeLa

irradiationOll o|sH U E ^ f e C2 arrest^ cyclin B2J mRNAU protein level Oil Ai °|

downregulationUr &&5\0\ 91^ ^ 3 , ^ # agentSJ - ^ £ | ^ °JSH L|-EfL|-b G2 arrest

fe cdc2°l phosphoryaltion2| aSK»| u r ^ Op|«E|^ ^ 2 S aejL}. ZieiL* 0 | i S

^ S S H g § ^ S } end point* 7fA|fetH| Z»>Jg mitosis^°l entry

MPF°I inactivationOlCK 0|^J^ ^ 0 | G2 arrestOll CU§[ g f s o^^go | ^

Or^ l^ ?s
kg ° I S S e o | y o ^ Q K DNA damage^F G2 arrest g °J ^ ^ | S repair^! Oi

A|^A| ^ £ ^ 0| arrests] A | ^ e ^ S r A | ? | ° s M| cell viabilityS &5\M^ ^ 91^=

X|, z ta in 5 ^ 5 j ° S ^ 0 |g MPF« M tt^sfs^qi & 0 i § ^ signal^ ^Si°JA|,

5£ 2H cellSe MPF°| M # ^ 0 | d ^ = ^ 5 | = 5 1 ^| S^1 C\m pathwayg A|-gS|-

8-hydroxyguanine°l ^^S.± ^ 8-hydroxyguanine endonuclease

8-hydroxyguanine glycosylase2-l ¥^r^ | 5 f g £ S 8-hydroxyguanineS ^r^sr fe

S E coli % Ar^rS 5&£h S^SSO||A1 ^ a s f ^ o D i o|o|| s |& a ? fcSg

(A) Chung MH, Kasai H, Jones DS, Inous H, Ishikawa H, Ohtsuka E and Nishimura S,

An endonuclease that specifkcally recognizes 8-hydroxyguanine residues of DNA,

Mutation Res., 254, 1 -12(1991)

(B) Chung MH, Tchou J, Lasao H, Shibutani S, Laval J, Grollman AP and Nishimura

S, 8-Oxyguanine(8-hydroxyguanine) DNA glycosylase and its substrate specificity,

Proc, Nat/. Acad. Sci. USA, 88, 4690-4694(1991)

(C) Chung MH, Kim HS, Ohtsuka E, Kasai H, Yammamoto F and Nishimura S, An

endonuclease acitivity in human 8-hydroxyguanine residues from DNA., Biochem.
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Biophys. Res. Comms, 178, 1472-1476(1991)

(D) Chung MH, Yamamoto F, Kasai H, Ohtsuka E, Hori T and Nishimura S,

Ubiquitous presence in mammalian cells of enzyme(s) specifically cleaving

8-hydroxyguanine-containing DNA, Jpn. J. Cancer Res., 83, 351-357(1992)

(E) Lee YS, Lee HS, Park MK, Kasai H and Chung MH, Identification of 8-OH-Cua

glycosylase in mammalian tissues, Biochem. Biophys. Res. Comms., 196,

1545-1551(1993)

• t § [ ^ 2 O f ^ (Senescence-Accelerated Mouse :SAM)°I ?J^o\ # ± e j c | | f

Oil && £ & S ^H ? i °Oi n g j o i g ^A-j|E mitochondriaOllAi superoxide

dismutase tt^0| ^ s ^ O i ° m ^ A r ^ M ^ 2 § r & ^ n i 0tCHI q § [

(A) Park JW, Kim MS, Choi CH and Chung MH, Oxidative status in

senescence-accelarated mice, J. Gerontol., 51A(5), B337-B345 (1996)

Q 8-hydroxyguanine^l ^^S_±r= tt±Z\c\mo\ W§H^gO| ^J\*\ ^ ( ^ A r t l

^ 0 | e^r^^SMi oxidative stress ^(HOj| i 2 & *$gW mQi= Ar^S i . W r S

°Di 0|0|| CjJSI ° j ^ fe^g y e ^ ^CK

(A) Kim HS. Park YW, Kasai H and Chung MH, Induction of E. coli oh8-Gua

endonuclease by oxidative stress: its significance in aerobic life, Mutation Res., 363,

115-124 (1996)

(B) Lee YS, Choi JY, Park MK, Choi EM, Kasai H and Chung MH, Induction of

oh8Gua glycosylase in rat kidneys by Potassium Bromate(KBrO3), A Renal Oxidative

Carcinogen, Mutation Res., 364, 227-233 (1996)

(C) Yamaguchi RH, Arami S, Chung MH and Kasai H, Increased 8-hydroxyguanine

levels in DNA and its repair activity in rat kidney after administration of a renal

carcinogen, ferric nitrilotriacetate, Carcinogenesis, 17, 1419-1422 (1996)

• 8-hydroxyguanine4^S4:o| oxidative stressOll °|et # & ^ £ - 0 | | £ fnr, fur^i arc

geneSOl ^ O i l } S *i&v\O\ » £ j ^ £ 7 | E ! g ^ S § r ^ ° D i 0|0j| LH§| <&=?•

(A) Lee HS, Lee YS, Kim KS, Choi JY, Hassan HM and Chung MH, Mechanism of
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Regulation of 8-hydroxyguanine endonuclease by oxidative stress: roles of fnr, area

and fur, Free Radical Biology & Medicine, 24, 1193-1201 (1998)

• £5jQH(liq!j ££^ i r ) ° s «£] 8-hydroxyguanine § H 3 MS ?H H • K^VM

8-hydroxyguanine£| g t f £ £ 3 DNAS £&| t l ^ 0| ^ | £ j DNAS endonuclease

P2 §J alkaline phosphataseS x-]2.|6|-0i nucleoside, 8-hydroxydeoxyguanosine-l S EH

S S i f 5 ^ g f g f A^SS^SJOL^ £ S J ^ M ^^&±0\\ SJSKH DNA strandS^

Ei g^|£j(>| S5JQI10II free base §EHS g^H§rc 8-hydroxyguanineS monoclonal

antibody^ a g § r 0 1 § ^ S ^ « J g § ^ H ^ S ^ i g . 0| «JS§

S A F S ^ S ttH 8-hydroxyguanineO| ^ ^ § ! g °]^|o]|Ai g S

• 8-hydroxyguanine2.| ^ ^ i immunohistochemistry^S Oil 2.|§rO1 in situO||Ai

(A) Won MH, Kang TC, Jeon CS, LEE JC, Kim DY, Choi EM, LEE KH, Choi CD,

Chung MH and Cho SS, Immunohistochemical detection of oxidative DNA damage

induced by ischemia-reperfusion insults in gerbil hippocampus in vivo. Brain Res.,

836, 70-78 (1999)

• SAM D r ¥ ^ ( t s r ^ £ ! D ^ ^ ) 2 J 3 ^ 8-hydroxyguanine ^ t j &±2\ OCC1

Choi JY, Kim HS, Kang HK, Lee DW, Choi EM and Chung MH, Thermolabile

8-hydroxyguanine DNA glycosylase with low activity in senescence-accelerated mice

due to a single mutation, Free Radical Biology & Medicine, 27(7/8), 848-854 (1999)
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n\ m

/. P/TC IsozymeW Dominant/Negative Vector °l

pHANInr mammalian expression vectorSAi CMV promoter^ Kozak translational

initiation sequence, ATG start codon, N-terminal HA epitope tag, EcoR I A BamH I

cloning site, stop codonS i i ^ C K EcoR I ty BamH I ° .S digestion^! ^ annealed

synthetic oligonucleotide (upper strand :

5'-GATCGCCACCATGGCTTATCCTTACGACGTGCCTGACTACGCCGAATTCGGATCCTA

AT-3', lower strand: 5'-AATTATTAGGATCCGAAT TCGGCGTAGT

CAGGCACGTCGTAAGGATAACCCATGGTGGC-3')S pcDNA3 (Invitrogen)S

ligations^Oi Ki\^m9lQ. pHANE» 0|§5[0j N-terminal HA tagS #$= PKC

mutant* ?}m?XQ. pHAN1-PKC-ff -REG^r pHAN1-PKC-? -REG expression plasmidfe

4 4 ^ 1 PKC-a (aa 4-332)^ PKC-? (aa 4-245)°l N-terminal regulatory doamin°IS

encodings^ cDNA fragments EcoR I ° S digestions|-0i pHAN1°:S NgationShOi

K\^t>19iQ. pHAN1-PKC-e -REG expression plasmid°| § ¥ ^ PKC-e (aa 4-401 )2|

N-terminal regulatory domain£!il encodings^ cDNA fragments BamH I ° S

digestionSK>| P H A N 1 ° ^

2. Stable overexpressing cell line MZi

NIH3T3 cellS 10% fetal bovine serumg L J g minimal essential medium (MEM)0j|

M ?I SICK lipofectinS (Gibco BRL)°S control vector pcDNA3£r PKC expression

vector^ pHAN1-PKC-a -REG, pHAN1-PKC-e -REG, pHAN1-PKC-C - REG^ NIH3T3

cellS transfectionA|^LK Transfected plasmidS stable^MI express^rfe derivativesS

selection§PI TI^HAI transfectiontl cellS 10% fetal bovine serum^ neomycin (600

us/ml)(Gibco BROS ^ S MEM0]| 24A| £! § ° J transferS^CK 10% fetal bovine

serums neomycin (200 ug/m\)0\ ^ MEMOIÎ i neomycin resistant cloneH Q91Q.
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2. PKC Isozyme W Adenoviral Vector$1 tfm

Fig. 2011 Ai S fe ti[9.[ ^ 0 | GAG promoter^ W ^ S Cosmid Cassette*

PKCalpha, delta ^ eta°| ^ S * r M 0|°jA|?1 adenoviral vector*

3. Sl¥

d ^ Balb/c newborn 0 r ^0 | |A | E | ^g g^lSt * trimming §r01

trypsin ^ E| g §K>j epidermis^ dermisS ^ ^ I t

epidermisS 0.12 mM Ca++fe£°| UH |̂0||A1 plate^Oi 5 r 5 & h § y dishOJl

uHXia 0.05 mM Ca++

4. Co-lmmunoprecipitataion

g ^ S S | ^ L y s i s buffer^CHIAi primary antibody^ a J § § U O[CHAH

protein A-sepharoseO|| primary antibody

0|O| lysis buffers washingS 5S|

SDS-sample buffer^ denaturationeh ^ SDS-PAGES SHEIS^CK Nitrocellulose

membraneOll tmasfertl ^ t l§r fe proteinCHl LH §} 1,̂ 1 S western blottingb^Oi H

protein^f interactionSffe proteinS ^^

5. Immune Complex Kinase Assay

cj.bH^g ^ H S ! ^ ImmunoprecipitationS UM^\9m. Precipitation^! protein

A-Sepharose beadsB lysis buffer^ 3S| washing t l ^ pA| kinase buffer (20mM

Tris, pH7.5, 4mM MgCI2)S 2s| washingSr^P. Beads* 2X kinase butterS

resuspension°.ri 3 uCi^l 32P~ATP2f substrate (2 ug)S ^ ^ r 5 r 0 i 37C 3 0 ^ # &

esFSlCK ^ ^ g £ | f ! y a i ) g S SDS-sample buffer^ denatu ration SI ^

SDS-PAGE^ SflEj 5r5acK Gel dryerg 0 | S ^ 0 i 2 £ § } ^ autoradiography^r^^K

6L ^//^^/ Senescence ̂ Sm 9I& SA-fi gal

Dulbecco's modified eagle medium01|Ai S^8| -^ | AfS-r^ mouse embryo fibroblast

(MEF) AII50II ^ A ^ S ^ArSI c f i 5-7 ^ ^ 0|| senescent /? -gal staining^ ^A |
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. All 5 8 PBSS ^!OiS £| 2% formaldehyde/ 0.2% glutaraldehydeS 5m & ^ g

CHI Ai J l S A m c K A||5S PBSS 2S A||=|sh =| x-gal staining §5H(X-gal 1mg/ml,

ferricyanide 5mM, ferrocyanide 5mM, MgCb 2mM in PBS)ft WI> 37°C0j|Ai overnight

y g M A|?J ¥ A||51- PBSS ^ 2% formaldehyde g ^ 0 1 | S ^ § | C | . 0| ctH HUMI

v\Q\ senescenceOll S O i ^ A||a°| ti\

i f

7. /n situ FISH (HI £/§f telomere

Slide ?|0j| ™tl& metaphase chromosomeS #£ r0|H0| | g b l t h ^ Zilmeman°l ^

m et al., SOI& # a ^ | H f e -20° C0|| S ^ S ^ , z\± 3M?J 0\&°\ >\^ ¥ ^ §

^ A J ^ahO|HS PBS^ ŷCH t" ¥ , 4 % formaldehyde/PBS S 2 ^ ^ ^2

r. PBSS 5 ^ § ° J 3 S | ^ ^CHtH ^ , lOmM HCIOil 1 mg/ml fe^S ^ ° J 1

t ! i 37° C&llAi 10^Zl ^ B J & a i l d ^ a j ¥ PBSS ^ B s l ^J01LHZl CrA| 4%

formaldehyde^ JlSSfthcK 0 | ^ PBSS O|S§fOi 5 ^ ^ 3S| ^0\\j\ ^, EtOH 70%,

85%, 100%g OlS^Oi # B K ) | H S a^ thCf . 2 5 9 #E.r0|H0|| hybridization

mixture C10mM Tris-HCL pH 7.2 70% formamide, 1% blocking reagent, telomere

probe (Oncor, USA)] 30A *| 1CH^&!¥, 80° COj|Ai 3 ^ ^ ^ ^ d | s ^ 1 single strand

5fSrO| ^^0 | |A i 2AIZJ- y g A | ? l c K # £ r 0 | H g 70% formamide/1 OmM Tris (pH 7.2)

S 1 5 M ^ 2S| ^ 0 1 0 1 ^ , ^A | 0.05% triton X-10001 ^2J PBSS 5 ^ ^ 3SI 4̂! Oi t«

Cl. Propidium iodideS 3 S ^ counter staining©m, PBSS ^ ! S ^ EtOH

70%,85%,100%S # £ r 0 | ^ S a ^ s h ^ fluorescent microscope® 0|gSK>1

chromosome^-I telomere signalS •£t&§lP.

8.

Ails t m ^ 5XiO5/ml* ^A^^^ ^ , p s m A I ^ ^ ^ O ^ u|jot © 4 Aiis

l i PBSS ^ AIISI5KZZ Propidium iodide g # A | Q f o S D N A g OAM\

flowcytometryS ^A|SK)i C1, S, G2/M phase

9. 8hydroxyguanine ^M&± mutant

g S^^OIIAIfe 8-hydroxyguanine ^ ^ S ^ ° | ^ 3 ^ OGG1 Oil
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iJOIth mutant M\R^M i W r 0 i 0|g

10. 8-hydroxyguanine

I* 2 th hOGG1 mutant Ai|S^2f wild type A i |£^s^ E - | 8-hydroxyguanine ^

m&± tt^ ^g^oi ^ Aiis^^oii a ^ g c g bijn^n^ SILK ^im ^g ,

^ 8-hydroxyguanineO| £ * H § ^ ¥°|O]|A1 DNAS i & [ 5 [ n 5}g ^, endonuclease

tt^4 8-hydroxyguanineS DNA strand^¥&1 free baseS Ai|7isffe s fg ^

glycosylase tt^§ §A|oil ? W 2 S i ° ° £ ^ ? W » ^ S ^ e l ^ f thp.

© Endonuclease tt^:

8-hydroxyguanineS IJ-^SI strand l̂ 3 endS 32PS labelingsfO ĵ duplex DNAS 51

mJl 0| m £ 3 ^ y g A m ^ (8-hydroxyguanine?l̂ |0||Ai) ^ £ 3 DNA fragment

» 20% denaturing polyacrylamide gelS Olggh S ; | g § ° g g£|e* #•

autoradiography^a°S a g ^ J i 0| ttH i ^ ^ y band l̂ density

(2) Clycosylase # c ! :

8-hydroxyguanineS t , ^ S i duplex DNAS

^2.1 S free-8-hydroxyguaninelt monoclonal antibodyS QE: immunoaffinigy

columnS S2W?1 8-hydroxyguanineS ^ S S I ¥ HPLC01I ^&l§ r01 ECDS a t § f

01 &&mu.

11. AflSLH 8hydroxyguanine g§f

8-hydroxyguanine°l ° J i Q£2\ ^ g y g o g ^ § u f O i ^ A r t ! 3EAKHI 2| &

hOCGI mutant H\^2.[ wild type Ai|5^Z.K»| Ai|S DNAOJI

8-hydroxyguanine°l & S b|J2SFJZ^ e[CK ^ A i |£S¥Ei DNA» M a | &

neuclease P1 5! alkaline phosphataseS ^£|sfO1 neucleoside level

HPLC01I ^£ISK)J 4 nucleosideS g2-|SrH 8-hydroxyguanineg

ECD(electrochemical detector)^ §-fe>h deoxyguanosine^ LJV detector^ S S e ) - ^

§ ^ deoxyguanosine^ ^^HSI-c- 8-hydroxydeoxyguanosine
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12.

apoptosis) sj-ejOllAi ^IJ-SfOi hOGG1^| wild type^ mutant type

(Markll Cs-137 irradiator, Sheperd, USA)

Ail5 a^Qij 5X105/mlS iAFSh ^ , 96 A|̂ h HH9JS ^ A)|SAF°| g ^ S MTT

^ a , trypan blue 51 (VlJ-thymidine b J S i 0|gSK« ^g&CK

0 A | | S ^ | tijSf ^ #

Qij 5X105/mlg 5A[Sf ^ , 12-24-48 A|^ U|j <g ^ 2| A||S Z l g g

Sjsm Propidium iodide S 3 A | o t o 5 D N A g OJAH ©

flowcytometryS ^ A | S ^ C1, S, C2/M phase B!s[B ^ &

(3) apoptosis 3 -^ ^ 9

Z5AFS A||5MS¥Ei DNAS g £ | & ¥ 1.8% agarose

DNA fragmentation ^S^ ^ ° B Ĵ-M̂ hD=| 5ESI- flowcytometry M

hypodiploid DNAg^S ^ g S r H ^ A i apoptosis ^ ^ g
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n\ 2 m

# PKC isozymeW (alpha, delta, epsilon, zeta) dominant/negative mutantS tfl

zfSfOf NIH3T3 mouse embryo-fibroblast cell (HI transfection &/01 established

cell lineB mgfSrWQ (Fig. 1 §! 2).

NIH3T3 mouse fibroblast cells^l growth control&ll PKC2-I specific isoform

2| w | | °A^f5\?\ °\f>\Q\ s p e c i f j c pKC isoform°| dominant-negative

mutantS e iMH 0| mutant proteinOl stableoMI overexpress^l^ NIH3T3 cell

lineM * | | * |5 r2m. NIH3T3 cellOJ|A1 ^ S £ | ^ PKC isoform°J PKC-« , d , e ,

f 2.| reguratory domainO| overexpress^l^^ SUE- mammalian expression

vector^ PKC isoform2.| N-terminal regulatory domain^ encoding^l-^ cDNA

S expression vector pHAN1°-^ subclonings|-Oj Ai |SS^DK PKC regulatory

domain mutant^ pseudosubstrate sequences S6(|Ai gH^ isoform-l

catalytic domain^ ^ 0 | u M | QS. ^ g s r E Z S dominant-negative mutant^ M

^ h §§MI SCK 0| ei^OilAi 0|gsF PKC mutant°l ? 2 ^ Fig. 1 4 ^Q.

Control vector pcDNA3, PKC-« -REG, PKC-e -REG, PKC-? -REG constructs

NIH3T3 cell0|| transfection§18Q. 0|vector01lfe encoded protein^l N-terminus

Oil HA tagS Mei ¥ sreimsacK NeomycinOII ^ l > ^ 0 | ° i ^ ^ e tmmty

SSKf plasmidg integrateAl^ y § ^ M I ^SAIZJ NIH3T3 cellS ^KQ.

PKCalpha adenovirusB infection <?/#§ M

morphology Oil M &r$tJl TT!£S\21JI &ST^& £?&}§! Ut&OI BJttfSm (Fig. 4

% 5).

Pa^+Oil °A^\ ^-f!>\^ ^7^1 ikl TJ 01 P-i ̂ h =̂1 Ah 01 Pk'P^lnh^
lw>d. v/|| —I ilJ H^ -»H ^ —} u_I Uf _J_L U| L j t i ! L_] o ^ I I ixV^d-ipi id.

Oil 2| & £ ° i e Sfo(Shb^ o i c K tCfdfAi s o^CHIAife P K C a ( p h a f i

SI¥#JZ|A1I5EOilAi g 5 f ^ ^ S £ | ^ X|M i ^ ^ o j c K adenoviral systemg

PKCalphaS Sr^S A | ^ « H ^ D | § ^2 j A1|5gEH^F ^ s f ^ S Sjojej- ^ OIOHC^

(Fig. 4). O|£itf SEHSf^j u1sp^ ^A i |5 jog « ^ 2 j £ ^ a § g ^ marker°J

filaggrin^l y ^ ^ i S ° S ^^SFSaa. Fig. 501|Ai S ^ b ^ ^ 0 | Ca2+O|| ° l& ^S}

g 5 ^ | ° i PKCalpha JiriTSOll 2|§||
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PKCalphaOII 2| £h g s f ^^J\ ^ A ^ o | | 2|5«

& Art! CHI o|

sfe G2/M

1. gJ-A^O|| 2|§^ L929 A||£ej G2/M arrest.

21 ?|2| § ^ All501 L929oi| 4 Gy°l ^A r {dS ZEA^F ^ A||5¥?|2| ^s\m FACS

^ ^ ! S S^O1 ^ A f 5 ^ L ^ (Fig. 6). gj-Ar̂ d ^A^ 6A|Zt ^ A| |5^^| g C2/M ^ |S

arrest 5|£ ^ I52 | 4^^r 5tOrXp| A|^§K)j ^A^ ^ 12A|^0| ^ m ^ A i » ° | S =

A1|5S0| G2/M ^I CHI ^ 3 £ | 0 m a C2/M ^I CHI ^ 3 3 A)|5Mg ^ A r t l £Af ^ 24

X|L|-SA1 CrA| Al| 5^71 S SISSPI A|5fSK)1 36A|^01|^ 7i 2.|

A l l 5 ^ | otAhg y o j Q K

2. & Algol 2|eJ G2/M SO|O|| £OJ S ^ ^ a j ^

Fig. 6 .0|| Af UEtt+ gf Art!Oil 2| gh G2/M 7|S ^^ j ^ l fe

^j 7mm g|5p| fHSrOl C2 ^|S¥Ei M 7|S2| go|O||

y tmggo j ^ S o| | U j § E l Western blot £ ^ ^r Kinase assay S,

Co-immunoprecipitation ^ g § § ArgSr01 ^ l ^ r ^ a . L929 A||so|| 4

{dS SAFeh ^ Ai|59 SXIIAIIS ^§14 A||5^ g§ | na|J i a| ? s ° g

gE.|SF ^ Al|£^7|o| G2/M S0|Oil ^OlSrfe t ^ M e J cyclin B1, p34Cdc2

p34Cdc2S oj^SfsFOi ft^g ^ A i | s ^ Wee1 kinase S£ P34Cdc2S

m2i#§\ &±21 phophatase Cdc25C2| ^m SI

(Fig. 7). 3x|| Al|5 ^fijUf All

| Ai|£^^|2| G2/M arrester

cyclin B1°l ^ S S
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QA| % &EH =

L\. cyclin B14

01

M ° = ° | *!0|0|| ^ 9 Q ^ S S ^ p34Cdc2

p34Cdc2 2j M l t & l r §£lphospho-P34Cdc2^ P34Cdc2S °J

r= Wee1 kinase^l i!j m ^ § £ f e G2/M arrest J\

p34Cdc2g i*

phophatase Cdc25C2| 3 ° f e

fe Histone H1 kinase

Cdc2 # ^ Ĵ7cj| y ^

^A^ ^ 1H £

cyclin B1^f Cdc2

P212|

(Fig. 8).

P34Cdc22r

L929 .cyclin B12| a|

^ ^ I S r i P34Cdc2°|

5JS l ° ^ f O i ZL

Cdc2 kinase °l §H U

p34Cdc20||

SFfe P21S|

°l senescenceMS^ telomere°l

K 0|2| SeiOl telomere°l

$. Ail S^|- senescence^ b

§ £ § SA-/S -gal

telomerase^r wild type£!

A||3E^ S ^ ^ ^ P . 1 Gy

8 GyiA^A|0||^ SA-/? -gal

JKCK tfr^rAi ^ A ^ i J o f l rq-Bf senescence

telomerase°l tt^g All 52] senescenceOII S

9).

l o|g^oi senescence#EHO)| SOi^ffe

ti\l]\f>\0l SA-/5 -galS > ^ ©rfe

A 66.5%2|- 68.7%^ S ^ r ^

| ?>S# ^ 4^ °IOHCF ( F i g
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0| & Aft! 0|| 2|& telomere°l ±±*3\ # ^ 0 | 5ifeX| 2O| ?|§r0i, chromosome

fragmentoil A1 telomere l̂ signal^ ^ § 8 f ^ ^ . In situ FISH &S0|| °| X ^ § ° |

telomereS i,hfe fragment^ ^ fe 1 GySJ- 8 GyO||A1 AA 0.47 2r 6.3 ?V\ ^^^0]

telomere£| fragment ^ ^ &Mt!ifO|| d|eHSrO1 S? rE|-Slg§ S* ^ 2AgiCh (Fig

10A). 0 | 2 | ^g o_1^ lILfsj^E-j ^A|-Ajoi[ o|s| A-)|£o| SenescenceS&0| telornere

2| fragmentation^ ^ ^ « 0 | ° i § § ^ ^ 21 SI P. ££«!• &ht#& 8 CyO||A1 &B15!

fragment^ 23.7%^F telomere l̂ signalg ^h^I 2 i ? i ° H S telomere^r

inter-chromosomal regionSC|- ^ A ^ 0 | | °±&mn « i e t f g m2I$\?tQ (Fig 10B and

C). SEi! ^ A ^ 8 Gy 5A^A| A||S2| senescence^ 9 (HI ^ 0 1 S ^ j o g

2ife p21WAF1°| ^hS0| 3^1 i ^ C ° 5 g (Fig. 10D), ^Art!Oil °|

senescence HfSg telomere°l ±^0| | 2| m P21WAF1°| i ! J S ; H B^Wi

8-hydroxyguanine ^^&± mutant Ml^^r

229 codon¥?Pr ArginineO|| A1 glutamine°S ^ s f S KG1 ^

(Table 1).

• 8-hydroxyguanine T ^ S ±

^ 3 & hOGG1 mutant KG1 Ai|5^2f wild type U937 A l | 5 ^ ¥ E i

8-hydroxyguanine ^ ^ S ± S ^ ^ § g [ § 4 w j | d t y p e u 93 7 Ai|5E^o|| U|S|-Oi

mutant KG 1 A||S^2| g ? 8-hydroxyguanineO| ^ A | | s ^ ¥^|0l|A1 DNA» ^ t l^r

fe ^j"§ ^ , endonuclease #-y^r 8-hydroxyguanineS DNA strand^¥E1 free base

^ glycosylase l r ^ 0 | S ^ s | THSfSlSlCr (Fig. 11).

# Ai|5L(J 8-hydroxyguanine SiJ1

gjArt! SAfOII 2|s|. h0GG1 mutant Ai |5^2 r wild type A||5^LK)|| All S DNA

Oil ^^SJ 8-hydroxyguanine°l ? ie b|in& g ^ KG1 Ai|5°| § ^ U937S Cr

| |5 DNA0|| A H ^ S 8-hydroxyguanine°l 9J0| Q^S| ^SiCF (Fig. 12).
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Ail 5 S^o i j 5X107ml§ SAFel W-, 96 A|# tiH^©} ^ AJ|£A|o| § £ § MTT

i, trypan blue % [3H]-thymidine d J g § 0|g5|-0=| s § § } §n f KG1 A1|5°J a

13).

Ai|£ S ^ O H 5X107mlS 5Afsf ^ , 12-24-48 A |# bH°t ^ 4 A|j

PBSS sf Ai|Sj5(̂ J2 Propidium iodide S ^ A | o t o . ^ DNAS

flowcytometryfi ^A|§ fo i G1, S, G2/M phase ^ s f S ^ S t t 2 4 KG1

° U937Sa G2/M phased arrest^^ ^n LfEfkiP (Fig. 14).

(3) apoptosis T E ^ ^ 9

FlowcytometryS =A|g|-0i hypodiploid DNA§3^§ ^ S S ^ H S A i apoptosis

- a ^ g S ^ S ^ 1 4 KGU1I5O) g o ugsy^cf hypodiploid DNA {

(Fig. 15).

-178-



a

fe &AKdO| Early effects D|*|fe g g f 7fS§PI ?|5H A||3EAK>|| g

& # ^ fe PKC, A||£^7|, immerdiate early genê OU m§H ^ 9 S ^ - P .

• &AKd°J s ? I S t * g ! S 5 r i f PKC Î 0£ rS ^ S S P I £I§H PKC isozyme

specific mutants H\*tf>\0\ H ^ ^ A ^ ^ ^ ^ ^ 2 J S 3 ^ f fl§5f2^ SICK

?|SH PKC sizoyemii adenoviral systemg

2|

Oil C r ^ A | | 5^^ |2 |

G2/M ^|S2| m?«0\ ^OiLffe 5Jg a o j j l G2^|S¥E.i M

o|S| senescence 4 § 0 | telomere°l ^eo | | ° l t r 3 jo jg

5fS0| interstitial telomere regional i t [ ^ 0hL|5.f chromosome

telomereOlli 9 i f S D|^ ^ Si§0| & # ^ ° S A i , 7;|^^X| <^E\X\J1 °i

-tlOJI 2JSJ- chromosomeS| single ^^ double strand^l random breakage^13 0)| Cjj §]-

8-hydroxyguanine ^^S.± mutant Ai|5^2f wild type Al l5^ A[0|0||

sh Ai^sj DNA £ & , Ai|5Af 5! ^l

DNA ^r!^S-±J\ QH& ^Mo\\ 9\

9\m All 5

°|§[ DNA

|Sh DNA ^#0 | | 8-hydroxyguanine2|

8-hydroxyguanine ^
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fe &AKd2| early effect^ ^ S ^ ° S M | ^A^Q)| q &

S ^ 9ife ^ 3 ^ 5! b J S i H4IJSU 0|£1& early effect &3\

late effect^ CM cci ©h ^ ^ o | ?i^X|g s^oj§^| o)6H A|£E|OJCK ^ 3 72I S

^A r ^° | ^ ^ ^ s^oil PKC, Ai| ±^71, telomer I&5[ ^ 8-hydroxyguanine ^ ^

O| g S g f sfoju^Ji &^ 0| £HS- a ^ i i ^ ^ f e ^ 2 ^ ^ yu-!J^S e

Srfe marker^ O|g§FJ[l 0|

eO]| 0|
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Table 1 Mutation of hOGG1 gene in KG-1

I

Exon Codon Nucleotide Sequence Aminoacid

position change change

4 229 954 CGA-^CM Arg-^GIn



Fig. 1. Construction of Dominant Negative Mutants of PKC
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Fig. 2. Establishment of PKC mutant construction transfected cells
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Fig. 4. Overexpression of Adenoviral PKCa Induces
Morphological Changes
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Fig. 5. Overexpression of Adenoviral PKCa Increases
Differentiation Marker, Filaggrin Expression
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Fig. 6. Cell cycle distribution following ionizing irradiation in L929 cells
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Fig. 7. Expressional and localizational changes in G2-associated
molecules by ionizing irradiation
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Fig. 8. Expressional and localizational changes in p21 by ionizing irradiation

IR-induced expression of p21 and its localization
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Fig. 13. Cytotoxic effect of r-irradiation on KG-1 and U 937 cells
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S U M M A R Y

I. Title

Molecular mechanisms of intrinsic radiosensitivity of normal tissue

II. Objective and importance of the study

There are increasing probabilities of human body exposure to radiation

because of a wide use of radioactive substances and radiation. As a result, a

demand for the protective measures against ill-effect of human exposure to

radiation has been built up. It is believed that the fundamental and

comprehensive study on the effect of human body exposure to radiation, and the

establishment of evaluation methods for the effect are among the most urgent

tasks. Nevertheless, the basic research on the biological effect of radiation is still

at the beginnings. The current study aims at the development of evaluation and

protection methods for the effect of radiation on human bodies.

III. Scope and contents of the study

The existing data for the molecular mechanisms of intrinsic radiosensitivity

of normal tissues were based on the organ impediment. The goals of the current

study are the investigation of the biological indices for the radiosensitivity and

radioresistance, and the establishment of fundamentals for the regulation of the

sensitivity and resistance based on the use of the indices. We selected valuable

indices based on the results from experiments with cells with different

radiosensitivities. And we quantitated and compared the selected indices in the

tissues of irradiated animals to investigate the radiosensitivity and resistance. By

evaluating the resulted data on the irradiation-related changes of the indices, we

established fundamentals for the study on the molecular mechanism of intrinsic

radiosensitivity of normal tissue.

IV. Results

- 2 1 5 -



We selected the degrees of free radical formation, lipid peroxidation,

glutathione contents and the oxidation ratio, and expression of heat shock

proteins as the indices for evaluation of sensitivity and resistance to radiation

based on the results from experiments with cells with different radiosensitivities.

First, we developed methods for the efficient and convenient assays of the

indices by using microplate reader. Then, the validity of the use of the indices

were investigated by evaluation of the indices in the tissue of irradiated mice.

Basal levels of free radical formation and lipid peroxidation showed large

differences among various tissues, and the irradiation-induced changes of the

levels also showed different patterns among tissues. We compared basal content

and oxidation state of glutathione among tissues. The testis that is known as a

radiosensitive tissue showed relatively low content of glutathione, whereas the

brain that is known as a radioresistant tissue showed high content of glutathione.

The irradiation-induced time-dependent depletion and oxidation of the glutathione

pool in the brain was relatively low. On the other hand, the depletion and

oxidation of glutathione in the testis was significant, although, it was found that

the glutathione pool in the irradiated testis gradually recovered. To investigate the

underlying mechanism for the glutathione-related response to radiation, we

compared activities of enzymes involved in glutathione metabolism, i.e., y

-glutamylcysteine synthetase (7-GCS), glutathione peroxidase (GPx), glutathione

reductase, and the free radical scavenging enzymes, i.e., superoxide dismutase

(SOD) and catalase in various tissues under investigation. The tissues showed

wide range of the activities of the enzymes. It is believed that the activities of

the enzymes are under influence of not only the factors related to radiosensitivity

but also the factors related to the intrinsic functions of the tissues.

V. Proposed application of the results

The development of the assay kits with the methods established in the

current study should prove to be very useful for monitoring redox-related

pathologic conditions. The developed methods can be especially useful for the
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analysis of small amount of specimens and with large number of samples. The

kit that is able to produce accurate and reproducible measurements can be

widely used in the redox and cancer-related pharmaceutic areas.
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*n 1

Si

OIO-.

1.

, TR, L929, L25#1, L25#8,

A1 - a ^ S j ^ g ^ { 4 ± 2 | ot (DCF), y a i j ^ - y ^ Si £ & (protein-s-thiolation, protein

aggregation), A | ^ ^ A | m (TBA-lipid peroxids) 5! a j ^ S ^ (8ohdG)S i . ^ S r S i d . M\

0|ffH AI IS2 |

(HSP110, HSP90« , HSP90/3 , HSP70, HSC70, mtHSP75, HSP60, HSP25, « B,

CRP78, H O D S ^ f S S r & a ^ § e i l ^ B B - ! | i ? i HSP70 4 HSP25°I ^ ^ 0 | ^ M ^

a l ^ b ^ ^ 1 S|#A|0]| ^ S ^ g i D l - (Role of small heat shock protein

HSP25 in radioresistance and glutathione-redox cycle. J. Cell. Physiol., 183-100—107,

2000). Table 1& g M * j S A ^ 2 | ^ M e j | ^ ° ^ | ^ g o ^ A h g L f^y jcK 0| ^0| |
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A1I5LH glutathione&^S ^ 9 S | | s 1 4 HSPM0|

glutathione^l m& £! g&^J\ ^ £ yA^^ L[EHst2D

glutathione^l ^ 5 r & & S M ^H, HSPs°l ^ S 0 | ^ g A||3E^§0|

glutathione fe£E2f & § ] £ £ » ^X | Ŝ ZL ° igO| S01SC-K Clutathione^l

^JS S:£:lt2J 7 -glutamylcysteine synthetase (7 -GCS), glutathione peroxidase

(GPx), glutathione reductase (GRd)S°l i ^ E i H|Hth l ^F HSP

glutathine peroxidaseSf glutathione reductase°l 2|D| °17\\ ^

?J2|- ^ 0 | oJOiS S 1 H g ^ m O i 3 ^ ^ 1 5 5 ] Oil Ai 2 | g

S ?|S^i mouseOll ^ A F ^ i A f «> 2| ^ 5 i - § ° | A | ^ I

«3sK glutathione^ glutathione ^ 3 S ^ f i ^ e tF , ^ 5 j S ° | HSP

2.

microplate reader* 0 | g f |

K Microplate reader* 0|Sel 2',7'-dichlorofluorescein

jSJ free

radical ®g&m ^%5\°iQ. 2',7'-dichlorofluorescein-diacetate (DCFH-DA)fe oxygen

free radical2| ^^H §\0\\A] deesterified£|^l 0\&\k\ #S\S\0\ 2',7'-dichlorofluorescein

(DCF)0| SDK DCF^ fluorescences LfjHS excitation wave length 485 nm, emission

wavelength 530 nm0||A1 ^ § & ^ 91Q. g ^ a o ) | A i ^ 4 g ^^JOll DCFH-DAB ^

E.|sr0i A| = g # s L r i f J l s[ fractionCHIfe buffer°!S C r# fractionOllfe ascorbateSJ-

FeSO4s J[&\0i, 2|2| basal oxygen free radical - ^ ^ ^ £ £ ^ stimulated oxygen free

radical ^ ^ ^ £ B ^Qt>\S!XU. ¥ U^Z-l S ^ S kitSf Sp| ^|§ r0i 96well format

° S microplate fluorescence readerS ArS§Ffe ^ g S ^H^SrS^a. Figure 6 £

basal oxygen free radical ^ - y ^ S 2 | - stimulated oxygen free radical ^ £ j ^ £
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2| reaction time courseS SOi^DK 20£2| s g ^ p j s o j fluorescence?r

^ g^r&e ^ ^ 212m. ?Him a j s s
(2,7-dichlorofluorescin (DCFH)S 0|g£[ AH52] °

[ g o j d j j j ^ 2000-35202, 2000. 2. 15. E^ ) .

K Microplate readerS 0 |§ t t Thiobarbituric acid ygofl ° | gh ^ * ] A l l ! Hr^SrS

^ A H

^ 5 J oj | j p j d

peroxidationS ^^^\9iQ. ^2.\ lipid peroxide^ lipid peroxidation£|

malondialdehyde (MDA)2f thiobarbituric acid (TBA)£r^l ^B0\l °1§H SifSFJSCK A|

S ° | TBA-reactive M U g spectrophotometerSD|- ^ ^ °ia§h &S£J fluorescences

^ S ^ O i S i f S ^ a Sfg §#£1 A I ^ S eA|(H| g ^ g ^ 91^ kitg 7H^ S U

Ar microplate fluorescence readerS Ar§5^JlAf SrSJC-K Microplate fluorometer

(Cambridge Tech.)0|| xf lgg Oj £i ^r^l^l excitation filter^ emission filterg A|gS||

S | 2 | 530 nm excitation filter^ 590 nm emission filter?I- 7\Q ^j&h& 5 ° S U

EFkiCK ?H^& ^^1 b J S 2 m$\ S^^o jDK Microplate fluorometerOJIAie| standard

curved ArSSI 3 ^011A1 ^ ^ S ^ S e ^ r & g M ^ 21 P. ^S^^JS ] gaf ^

2rfe TEP Î standard curved U|il5rOi nmol/mg protein^S UErLJ|2lc|. Figure 9S

TEP standard curve0|CK Figure 108 £ 3 £ | &fcS g?rA|?|°jA1 lipid peroxideS §

^§1- 510| CK £5)1*011 H|ai|5rOi fluorescence r̂ g t J 3 ° S g^r&0|

C-r. Microplate reader!! 0 |g ° } Enzymatic S U ^ S O l l °| °l- i£5J glutathione

Glutatione (y -glutamylcysteinylglycine)& A||5ELH0|| 41 U]A| 4^tJ mM -

S.S ?rA"H t5|--cr tripeptide sulfhydryl S f ^ M S A ^ Ai|5.LH°| £J~<£(/&£! ̂ hEH CHI

§IS (reduced glutathione, GSH)2|- -ys iS (oxidized glutathione or glutathione

glutathionec: disulfideS A iS f t lH EH^-go| A i | 5 § g -tlsl-S glutathioneS M\S. " I

§ 1 41 9iC-K 0\Qft A1|5Ujo| glutathione2.| Qn\Q ^ OMEf, glutathione^l
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glutathione^ {ihSrS glutathione°l

2| HPLC gjgoiU spectrophotometerS A [ § ^ ? |£2] enzymatic

S 3 2J § a t O | ~ ^ g ^ o-Phthalaldehyde reaction Oil °| §h

fiuorometric glutathione 3 S ^ S § g§5|-01 multi-well plateg Aheth assay?h ;H *M

£)0i ^ O U 2 i ° U a g ^ g a f o|fe GSSG°I & S S^Sffe q | b DH^ ^ 5 j ^ ° ^

a o^ipojjAi^ enzymatic glutathione assay &gO|| NEM *i

GSSGS

microplate* A

2 i ^ assay systemS S[^S | -^a . A|S^E|A| §Sf§[ GSH2[ GSSG^I ^ g g

y g o | a ^ o i « ^ ^^joiQ-1!, HPLC ^aoi l °|6H shoj § [ | g ^ ^ N E M

f r ac t ion^ GSH?\ 3 S | fiO|A"f °>

S § glutathione reductaseSf DTNB°| mixture

microplate reader (CERES 900C, Bio-Tek Instruments)^Ai kinetic assay softwares

Ar§§rO1 340 nmO||Ai2j S^SEM 5 &?} monitor5r01 7 | g ^ | S ^ E i y e ^ ^ (/I

A/min)» ^SFjacK Figure 12b g mi\0\\Aj ;(j^§F oj-gofl °!SI kinetic assay 3 ^

S^lfe 0 - 10 nmol/assayS HPLC &S0II =A| ?>>II oH° sensitive?: assay

l i 'M ^ 91Q. Figure 14fe 0| «TgO|| 2|§F z&'q A|s g|utathione ^ 9 ° l EF

& & e a^SF^I ^|5r01 A | s o | o^g g7rA|?^ r 3A1 total glutathione^ GSSGg §

affl- S40ILK S5J2| total glutathione^l S ^ g standard curve 2| q § S ^ | 2*1|

Oil ^Ai AlS^t g ^ ^ i u ^ GSH §|0| 7i°| S ^ ^ j o ^ £j[§[oiQ y S 0 , | C S S G

101 ̂ Pl A|5[srfe S & S asSCK Ol^e NEM ^&| ? ether

S 71 x | q a h s A|SO|| n|ato| NEMOI yohaioi, AISSI ^n | f i S ĥsHAi ^hs

assay mixture^ glutathione reductase^h A1§H£|̂  ^o|| 7|eieh yA°^

assayOII ?h§H^fe A|S2| ¥ ^ 1 ^ 20 ^ IS UQ^\9XQ. S 7Ĥ h

OR ^ 3 j i ^^Sh^ch (Si t kineticsB Oieth tfsfS S! & S S

^| 2000-29702, 2000. 1. 21. e ^ ) .
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3. Emum
QJ 4 ^ g ° | ^ C3H ^ ^ I S Arg§K>| ^ g §

^ AlZhcHlS 2|§ &?IM ^ 1 ^ 0 1 dry ice §K»|Ai freeze-clamp§UH

-70°C0||A1 ^ s ^ o j L K 4 ^ A ^ g t t % DH time pointOH^ 5DRIS

^ & n 5S e t ^ ^ S ef$icF (50 DRI x 5 = 250

S end-points sh Enamie^l S ^ g ^ 0 | | ? 7 i ^ 0

muscle, brain, g Z l § S ° | heart, liver, kidney, lung, spleen, J[Q £C[J1 X\\A\

Freeze clamingOII °|§H ^ Bf S l ^ & 4 § &^|2| oxygen free radical ^ ^ ^ g 2

^ g § [ bhfij- ^ 0 | microplate reader 0|g§} 2',7'-dichlorofluorescein (DCF)
a JS§ A^s|-0i & g s f a a ^Ard £Af ^ free radicals ^ f l^ ^ £ o | ^ ^ ^ &

^ 1 CH|

g 2

microplateS 0|gffl- TBA ^ - j g ° S ^ § § r ^ a 3E5J ^ S basal level°|

zi

g glutathione &§\

^ 4 § & ^ | 2 | glutathione°l

0||Ai ^ g t t microplateg 0|g§[ enzymatic ^ g

testisfe 0H¥ ^ ^ glutathione

braing ^ ^ glutathione & ^ S S2JCK 0|

(10 Cy)01| 0|S A | ^ l glutathione°l #E|| « J I H HUE eh

^. glutathione ^ ^ §J ^Isr S ^ 0 | O|o|th 913, testisO||A1^ glutathione l̂
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a P. O| glutathione^l QH Ah !£srS ^ S § U ^ zf &?|2| glutathione^l CH AhCHI ^

S S ± H £ ] 7 -glutamylcysteine synthetase (y -GCS), glutathione peroxidase (CPx),

glutathione reductase£| fi-^£2.|- (Fig. 20) superoxide dismutase % catalase^l ft-^

.±°\ w&^?[ DH° e ^o ia a2i°Di, 01

0H-| S-h S ^ 2 | 21^£| CHA|-o|

HSP704 HSP25°I S ? l ! i a ° o ^ § iAhSfSJCK §>^|g g ^ j l ^ Ai|5^0||A12j

^ g 4 f e ^ B | HSP 5! PKC°I i^a ^ ^ g &AKd ^ ^ ^ 5! LH^iif g ^ ^ ^ p h

SJfe ? 1 ° 5 LfEfJcta S^ ia^^ lO l l HSP70 S! HSP25°I ^ S 5 ^ 0 | | & O i § ^ HSF2

L-f promoters cloning S rS l l (EMBL accession number #AF172640)0|S2| tt^iS
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Table 1. Analysis of glutathione status in L25#1 and HSP25 overexpressors.

The amounts of the total, reduced (GSH) and oxidized (GSSG) glutathione levels

were determined by HPLC and normalized as per mg protein. The data are

expressed as means ± standard deviations. *p < 0.05, **p < 0.01 vs. L25#1,

n=7.

Poll lino
Ocll Mile

L25#1

L25#6

L25#7

L25#8

Glutathione (nmol/mg

Total

34.1 ±1.72

37.0 ±1.38*

36.7 ±4.80

38.4 ±2.42*

GSH

33.2±1.83

36.5±1.30*

36.2 ±4.77

38.0±2.45*

protein)

GSSG

0.45 ±0.07

0.28 ±0.04*

0.27 ±0.03*

0.22 ±0.04**

GSH/GSSG

73.8

130.6**

134.1**

172.7**

Table 2. Induction patterns of the hsp, grp and orp stress gene families.

Stress gene

Induced level

HSP

HSP110

+

HSP90

+

HSP70

++++

HSP60

++

HSP25

++++

GRP

GRP94

+/-

GRP78

+/-

ORP

HO-1

++

HO-2

+
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â? 5'
o

i 41
Q.
Ul

H

2-

1-

0

I
•^Before
1=1 After

musclferain heart liver kidneylung testisspleen

Time after IR (h)

Fig. 3. Organ Difference of Lipid Peroxidation in C3H Mouse



39

OQ)

SP

So T

brain heart kidney lung tesits

I
o'
CD

3"
o

Time after IR (h)

-100

L 0

Time after IR (h)

Fig. 4. Organ Difference of Glutathione level in C3H Mouse



B H K Lu Li S T M

PKC a

Brain Heart Kidney Lung Liver Spleen Testis Muscle

CO

I

B H K Lu Li S T M

PKC 8

0-0 Brain Heart Kidney Lung Liver SpieenTestisMuscle

Fig. 5. Comparison of PKC levels in C3H Mouse Tissue



el
s

>

25
 p

ro
te

in

n ft i

OR "

0.4 "

0.2 "

B H K Lu S
b

_• — HSP25

Brain Heart Kidney Lung Spleen

0.8-

w

1 0.6-
c
CD

p 0 . 4 -
Q.
O

I

r\ r\ -

B 1
— ^ . ~

H K Lu
_

S
.. — HSP70

Brain Heart Kidney Lung Spleen

Fig. 6. Comparison of HSP levels in C3H mouse tissues.



Late Effect

S 2 1

- 2 4 5 -



o

i . n

°\ late effect

i i ^^

0|g0| SMS Oil O|

x\3.J[ c^s

0| Oil

A|-o|o|| 2|

SOU oil 01 2|§!- °i^|2|

0| D| q*i

Oil o|6H eigsi8i°u 01 oil cum 1̂ g ^

late effect 2J ^ ^ ^ISOll CJltl 2 i

III. Lfl

- 2 4 7 -



E l

(4.5-6.5^), ^V\^£&?\ (6.5-8.5^-), $-

l (8.5-12^) % EHxpi(12-18^')0j| ^AfAjg SAl-SHi §0Hg^S2| g

§ i Moritag°l a n g §J1S g

mo,)

progression Oil • 1^1^ 9 t m ^ ^ § P I 91-SH

! NIH3T3 A||5M

0| A| |£#• nude mouseOll graftingsFOi

14 ^ g ° |

Sprague-Dawley

§ S 5 i S 10, 30, 60, 90 rad l̂

w g F1S &h^S L^Oi diethylnitrosamine(DEN)

50 mg/kg2J fe£S 2S| W2f Ml Oil ^h\f>\#Q. F10| 13^^o|| S &

s 2-3 mm¥^l5 ^H?l5rO1 10%

-248-



CST-P

BrOIE^'-^^jS ?|5r0i Video 9 & ^ * j &*l(Videoplan, Carl Zeiss, Cermany)S 0|

§Sr»l 3 3 0.2mm 0|#°J foci em 3f§5^CK GST-P+ fociSi £ |ggE{= 2i t ^ l

S^j feh fociSj

Sprague-Dawley 5HH

Cesium irradiatorS 0 | g s ^ 1 ^ 2 ! ^ ° S 150 rads S ^ ° ^ 5S|
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S U M A R Y

I. Project Title

Mechanism Elucidation of Radiation Induced Late effect

II. Objective and Importance of the Project

Since there has been an increase in the use of atomic power, we are under

the necessity of investigation on the biological damages induced by exposure to

radiation. Despite numerous published studies on radiation teratology, most

radiation embryologic studies carried out during the organogenesis stage and

there is relatively limited information on the influence of gestational age at

exposure on the prenatal effects of radiation. Therefore, there is also an need to

catch systematic hold of various embryonic responses of radiation damage with

a widescopic criteria. In addition, different factors of physical, chemical or

biological nature in man's environment may act in separation or combination with

ionizing radiation giving rise to synergistic effect and this may pose difficult

problems in protection to radiation. During the past decades, new and important

information has become available concerning the carcinogenic effect of radiation.

In spite of a considerable amount of research, only recently have efforts been

made to apply the extensive laboratory data in animals to define the relationship

between low dose radiation and carcinogenesis. In this study we have tried to

establish radiation induced tumor and elucidate its mechanism.

III. Scope and Contents of the Project
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(Radiation Teratogenesis)

This study will be carried out on the influence of gestational age

(preimplantation, implantation, early organogenesis, late organogenesis, and

fetal stage) with various radiation doses at exposure on the prenatal effects of

gamma-radiation using the observation point on malformations over 100

criteria (external malformation: 63, internal malformation: 29, skeletal

malformation: 26, skeletal variation: 16) in mice. In this investigation, we

expect to get the systematic data on the radiation-induced embryotoxicity, and

the stereo microscope is indispensable research equipment for the detailed

observation on the malformation and other lesion of the fetus and uterus.

(Radiation Carcinogenesis)

1. NIH3T3 cells were irradiated with 4Gy, twice per week total 16 times, and

resistant cells were collected and grafted to nude mouse.

2. The animals were irradiated with gamma-rays at a dose rate of 150 rads

whole body radiation once a week for five weeks. Commercial laboratory rodent

chow and tap water were available ad libitum throughout the experimental period.

3. Each four female and male experimental group were divided according to the

level of exposure to radiation at 14 days of pregnancy and treatment of DEN to

4-week-old offsprings. The offsprings, which were bored of exposed rat, were

treated with DEN. Group 5 of female and male was untreated control offspring.

The radiation-treated pregnant rats were received each 10, 30, 60, 90 rad whole

body irradiation at 14 days of pregnancy according to each experimental group.

DEN-treated rats was intraperitoneally injected 50 mg/kg of DEN at 4-week-old.

When the rats were 13 weeks of age, they were sacrificed. The body weight,

liver weight were measured and then the liver was removed for pathological

study. The liver weighted and then fixed 10% buffered formalin, and embedded in

paraffin and 4 jum-thick sections were stained with hematoxylin and eosin. For
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immunohistochemical examination of GST-P+ foci, we used abidin-biotin complex

(ABC) method. The numbers and areas of GST-P+ foci of more than 0.2 mm

diameter were measured with a video image processor. They were expressed as

foci number/cm2, foci area (mm2)/cm2 and maximum diameter (Dmax, mm).

IV. Results

(Radiation Teratogenesis)

1. The rate of resorption was increased when radiation was given at 2.5 days

after gestation. Early death including foetal death were highly expressed when

radiation was given at 7.5 days after gestation. There are no difference in

incidence of late death including embryonic death.

2. Growth retardation and small head was present when radiation was given at

5.5, 7.5, 11.5, and 15.5 days after gestation and small head showed high

incidence at 11.5 days after gestation.

3. External malformation was induced when radiation was given at 7.5 days after

gestation.

4. Internal malformation was induced when radiation was given at 7.5 days after

gestation.

5. Skeletal malformation was induced when radiation was given at 7.5 days after

gestation.

(Radiation Carcinogenesis)

1. Radiation resistant NIH3T3 cells were established and when they were grafted

to nude mouse, they became to tumor.

2. There are no mortality attributable to the irradiation and DEN. The body

weight gain showed no linear correlation with radiation dose. The average liver

weight, in general, changed in accordance with the change in body weight, but

showed no difference among the with or without irradiation group, so did relative

liver weight. In immunohistochemical study of the liver, the GST-P+ foci number
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and area in 30 rad group (both female and male) were maximum, but which

were no linear correlation with radiation dose. These results suggest that the

tumorigenicity susceptibility of the offsprings after maternal conceptional exposure

of ionizing radiation was no linear correlation with radiation dose.

3. Body weight gain was decreased by y -ray irradiation, and so mean body

weight of treated group was significantly lower than that of control group. About

46% rats of radiation treated group were died before mammary tumor

development, and 24 weeks after last irradiation mammary tumors were

developed. 26 of 39 rats (67%) developed mammary tumors at an average age

of 30.89 weeks. The average tumor size was 12.31 ±23.93mnf. In this study we

developed rat mammary tumor by y -irradiation. These results can provide the

basic understanding of radiation carcinogenesis and more studies need to

elucidate the underlying mechanisms.
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m

1. S ^ S A r y (prenatal death)

B^r (resorption), Z^IArgJ [early death, HH^ArSJ (embryonic death)]

[late death, EH*W& (foetal death)]°S ^ g S r S m . g ^ ° | H i 7 | 5 e

shgs} EH ei(Mi E|W j\ °l^ g ^SM i OJAJ 2.5^, 5

s§ | 2.5^ (64.9%)0|| ^7)| L^E^icK ^7\A\<&°\ J\

5 i o s otAj yg^on 18 -3%

fe § ^ r ^ SI SI a (Table 1).

2. & S * | 3 (growth retardation)H ±^ (small head)

7H*H°| ^ S

15.5^Oil ^?\\ i.\E}^9.o\ °Jt! 11 .5^2^ S7H*l|0||A1 #§*£|SlCr (Table 2).

g ° 5 #m*\O\ SJt! 11.5̂ 011 7r& ^?ll U&Hstq- (Table 1).

3. 2 J ^ ^ I § (external malformation)

i o|2| 7.5 , , ,

eo| 2i2i°Di 11.5^O)|^ ^UW 17.5% ^ # £ l 2 i a (Table 3 % 4).

4. L | | "^ |^ (internal malformation)

. 5.5Si5011 Alfe t ! °SfS, 7.5S1 SoilM±= t l ^ ^ S Si

SfS Si

(Table 3 % 5).
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5. s ^ P I ^ (skeletal malformation)

7.5S1 5i 11.5^Z0||Ai ^ s H^£|OJ:Q 7.5̂ Oilfe g ^ g gB-l, ^ i § f 5! 5 =

9XQ (Table 3 ^ 6).

6. ^ 2 ? £ 0 | (skeletal variation)

(Table 3 5! 7).

2 g ^ 5 j o s OJAJD^^OII ^AKdSAJA| °J^S7|0||fe ^{4g SHH^Di, OJAJ 75

^ CHI Ai 115^2| 7\^m^7\0\\ A\X\^^ t | Q"

1. g ^ S AF°Kprenatal death)

g^(resorption), S 7 | A ^ [early death, nH*W?Kembryonic death)) 51

[late death, EH*tArgJ (foetal death))°^ ^^^gjCK g ^ ° | & 1 7 | 5 g

^£|X| ?>g EJI^oj 55j £E{= 2fg S} E||o.K)|| EH^ 7F g ^ 3¥^Mi 4Cy

M 25.81%S ^7i| UE^^K 5 7 | A ^ ° | J | £ g EHyoil

9 ? £ « 1 4Cy iAr50||A1 6.45%^ CH^30|| U|SrO| ^Zi S?F SfSlC-F (Table

8).

2. &SXI2 (growth retardation)2f ±^ (small head)

2Gy
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01 £2^1

(Table 9).

3. £J¥^I§! (external malformation)

tOII d|Bj|SrO1 g^FSF

10 3± 11).

4. HI¥^ IS (internal malformation)

g^rSrSS^Di 0|2|

(Table 10 % 12).

5. i i 2 ^ ! ^ (skeletal malformation)

? ^ i , H i , g ^ g Si g^^a i ?IS0| ^ s &ms}2X°.o\ QMtt IT oil

7 ^ ^ ° D i 0|2J 3? , D|^, g g ° | Jigol A_^5JOS ^W£)2iP (Table 10

13).

6. ir^fflOl (skeletal variation)

(Table 10 ^ 14).

s 21 ̂ °| 14

am

i .

NIH3T3O1I 4Gys| " j - A ^ # i^oi| 2S!^ % \§*\% £EA^|-oi -y-ol-^g clone .7

K o|#o||Ai clonogenic effect?I- ?rS €• 2?Hs| A||a (#1 % #4)» -y
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^ uy\ q ^ ^ t ^ c i - (Fig. 2).

2. Nude mouseoll £J°h

HA||sa|. ĵ-sii o| ^ 7H°[ M j£* ) l i # nude mouse

1! tumor« U\M%[33LC\. 3_M\±°\

(Fig. 2).

& 2^1 oilAI EHoith ^AIIti l nmz 10 radons

SI SI a W\ ^A||tH ^ 5! *1I 3 S(60 rad)°l *l|gO| §;>mfe

d|SH ^21t[ ^ j g g ^ ^ OHO| 30 radS £Md
c

h§ Ai| 2

mm

2. GST-p* 3 ^ s^J §JSJ g>yj2j i ^

CST-P4 g^ ja | ^H|-0||A1fe 4 ^ 0 | foci ^ , a^KHI aiOi °}?io\\ b|sH

2 5(30 rad)0l|Ai GST-P+ foci2| ^9\ ej^jOl

(Fig. 3,4).

^ ts fO i QgJ!± ^ g ^ 2 f g ^SiC|- (Fig.

5).
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Table 1. Observation on the 18th day mouse foetuses exposed 2Gy 7 -radiation on different gestation days.

Exposure No. of No. of No. of No. of No. of
dayp.c. mothers implants early death late death resorption

Live GRF Body weight
foetuses (%) (g)

Body length
(cm)

Head length
(cm)

Head width
(cm)

Incidence of Incidence of
decreased decreased

head width head length

Control 74 5(6.76) 69 7.25 l.S57±0.09 3.252±0.634 1.154±0.047 0.825±0.015 20.29 2.90

2.5 74 48 49(66.22) 25 8 1.606 ±0.118 3.595 + 0.933 1.160 ±0.020 0.840 ±0.023 8 4.0

5.5

s
7.5

76

82 15

10 17(22.37) 59 69.49 1.332 ±0.057 3.231 ±0.423 1.119±0.013 0.791 ±0.012 49.15 3.39

20 37(45.12) 45 66.67 1.257 ±0.226 3.102 + 0.402 . 1.070 ±0.042 0.789 + 0.073 53.33 44.44

11.5 86 0 6(6.98) 80 100 0.923 + 0.076 2.710±0.216 1.02±0.042 0.721 ±0.022 98.75 72.5

15.5 74 3(4.05) 71 30.99 1.444±0.0I0 3.205 + 0.645 1.169±0.019 0.807 + 0.012 28.17 1.41

GRF : Growth retarded foetuses, calculated as the number of growth retarded foetuses/ total number of live foetuses.
Foetuses weighing less than two standard deviations of mean body weight of the control group were considered as growth retarded.
A head width or length of less than two standard deviations of mean the control value was defined decreased head width or length.



Table 2. Analysis on 18th day mouse foetuses exposed 2 Gy y -radiation on different gestation days.

Litters

Conceptuses analyzed

Normal offspring

Intrauterine deaths

Malformed offspring

Offspring with very low
body weight*

Control

6

74

64

5

0

5

2.5

6

74

21

49

2

2

Exposure day p.c.

5.5

6

76

24

17

14

21

7.5

6

82

1

37

35

9

11.5

6

86

0

6

78

2

15.5

6

74

47

3

2

22

*Very low body weight was defined as a body weight two or more standard deviations less than the mean for the control group
with no other abnormalities.
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Table 3. Malformations on the 18th day mouse foetuses exposed to 2Gy y -radiation on different gestation days.

External malformation
Foetus examined

Ablepharon(-!r'&^)
Micrognathia (&*!)

Gastroschisis(-Sf^'i)
Omphalocele (BH if l i ty)
Kinky tail ( # - ^ D l )

BranchyuryCftDl)

Rudimentrytail(-E-3)D1)
Digits
(Oligodactyly, Syndactyly, Polydactyly,

Absent nail) (^^1, f-*l, 4*1, ° i )
Analatresia(^-g-3tliH)

Internal malformation

Foetuses examined
Dilatation of cerebral venlriclefH 'S^r^S')
Microphthalmia (i1?}-?-)
Stenosis of nasal cavity (n] 7ov ̂ j a}-)

Cleft palate (^f l 11)
Dextrocardia (-f "H)
Levorotation of heart ('D %QQ)
Abnormal lobation of lung («1 ̂  -tfsfl <$)
Detect of diaphragm (33 A ^ ^1 °J)
Diaphragmatic hernia ( ^ A ^ 1t;5>'-)
Dilatation of renal pelvis (-t!-?-^^)

Skeletal malformation

Foetuses examined
Deformity of occipital bone (•?-T'ir7]^i)
Splitting of cervical vertebrae (-^ -f1 -fi •& a])
Abnormal arrangement of cervical vertebrae

Abnormal ossification of coccygeal vertebrae

Fusion of lumbar vertebrae
(iL-^-i?- -§-^-)

Abnormal arrangement of lumbar vertebrae

Fusion of thoracic vertebrae (§-^"sr'Q)
Absence of ribs ( ^ ® ^ °1)
Fusion of ribs ( ^ - - S T T ^ )

Bifurcation of ribs (^f-ir-8-*l)
Shortening of ribs ( ^S ' c r i : )
Fusion of sternebrae (S'S-frtl')
Displasia of stemebrae (̂ f- #°1 ̂  AJ)
Missing of sternebrae (-S- -a -S °i)
Hypoplasia of sternebrae ( S g % -^ -T- ̂ )
Curvature of tibia ( ^ 3 ?>^-)
Absence of metatarsal bone (1r ̂  •& ̂  °i)
Absence of metacarpal bone (•f 'T-ir^0})
Absence of clavicle ( ^ 1 S ^ <H)

Skeletal variation
Foetuses examined

Dumbbell shape of ossification of lumbar vertebrae

Spliting of ossification of lumbar vertebrae

Spliting of ossification of thoracic vertebrae

Dumbbell shape of ossification of thoracic
vertebrae (SL^if br"I! ^JirSUIT'S)

Asymmetric of 13th rib (13 ^f-g Hlrfl%l)
Absence of 13th rib (13 ^ S ^<^)
Shortening of 13th rib (13 ^fir ^ 5 r )
Split center of stemebrae

Asymmetry center of sternebrae

Dumbbell shape of ossification center of sternebrae

Control

69

0
0
0

0
0

0
0

0

0

35
0
0

0
0

0
0
0
0
0
0

34
0

0

0

0

0

0

0
0
0
0

0
0
0.
0
0
0
0
0
0

34

0

0

0

A

U

0
0
0

0

2(5.88)

0

2.5

25

0

0
0
0
0

0

0

0

0

13
0
0

0
0

0
0
0
0
0

2(15.38)

12
0
0

0

0

0

0

0
0

0
0
0
0
0
0
0
0
0
0
0

12

o

0

0

A

U

0
0
0

0

3(25)

0

Exposure day p.c.

5.5

59

0
0
0
0

1(1.69)

0
. 0

0

0

31
2(6.45)
1(3.23)

0
0

0
1(3.23)

0
0
0

10(32.26)

28
1(3.57)

0

0

0

0

0

0
0
0

0

0
0
0
0
0
0
0
0
0

28

0

0

0

U

0
0
0

0

3(10.71)

0

7.5

45

1(2.22)
1(2.22)
1(2.22)
2(4.44)

2(4.44)

1(2.22)

1(2.22)

12(26.67)

0

22
9(40.91)

0

1(4.55)
0

3(13.64)

4(18.18)
3(13.64)

1(4.55)
3(13.64)
7(31.82)

23
2(8.70)

4(17.39)

1(4.35)

0

0

1(4.35)

0
2(8.70)

4(17.39)

2(8.70)

2(8.70)
0
0
0

3(13.04)

0
0
0

1(4.35)

23

1(4.35)

1(4.35)

1(4.35)

(8. )

2(8.6)
1(4.35)

3(13.04)

2(8.6)

10(43.48)

1(4.35)

11.5

80

0
0
0

0
14(17.5)

3(3.75)

0

72(90)

1(1.25)

41
26(63.41)

0
1(2.44)

15(36.59)
0

2(4.83)
1(2.44)

0
0

3(7.32)

39
1(2.56)

0

0

1(2.56)

1(2.56)

0

2(5.13)
0

0
0

0
0

1(2.56)
1(2.56)
3(7.69)
1(2.56)

5(12.82)
15(38.46)

0

39

o

0

0

A
\J

0
2(5.13)
2(5.13)

1(2.56)

3(7.69)

0

15.5

71

0
0
0

0
0

1(1.41)

0

1(1.41)

0

37
0
0

0
0

0
0
0
0
0
0

34
0
0

0

0

0

0

0
0
0

0
0
0
0
0
0
0
0

0
0

34

0

0

0

A

U

0
0

0

0

0

0
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Table 4. External malformations on the 18th day mouse foetuses exposed to 2Gy 7 -radiation
on different gestation days.

Control 2.5

Exposure day p.c.

5.5 7.5 11.5 15.5

Foetus examined 69 25 59 45 80 71

Ablepha ron^^ ) 0 0 1(2.22) 0 0

Micrognathia ( ^ ^)

Gastroschisis ( 4 ^ H)

Omphalocele (al|-tr flr^)

Kinky tail (^-^-^1)

Branchyury(^:n])

Rudimentry tail (^-^ n l )

Digits
(Oligodactyly, Syndactyly,
Polydactyly, Absent nail)

0

0

0

0

0

0

0

0

0

0

0

0

0

1(2.22)

1(2.22)

2(4.44)

0

0

0

0

0 1(2.22) 0

0

0

0

0 1(1.69) 2(4.44) 14(17.5) 0

1(2.22) 3(3.75) 1(1.41)

0

0 12(26.67) 72(90) 1(1.41)

0 0 0 1(1.25) 0

-293-



Table 5. Internal malformations on the 18th day mouse foetuses exposed to 2Gy 7 -radiation
on different gestation days.

Foetuses examined

Dilatation of cerebral ventricle
( H ^ ^ T " ^ )

Microphthalmia (i^Jr-i1-)

Stenosis of nasal cavity

Cleft palate (^711^)

Dextrocardia (-T"*) )

Levorotation of heart

Abnormal lobation of lung

Detect of diaphragm

Diaphragmatic hernia

Dilatation of renal pelvis

Control

35

0

0

0

0

0

0

0

0

0

0

2.5

13

0

0

0

0

0

0

0

0

0

2(15.38)

Exposure day p.c.

5.5

31

2(6.45)

1(3.23)

0

0

0

1(3.23)

0

0

0

10(32.26)

7.5

22

9(40.91)

0

1(4.55)

0

3(13.64)

4(18.18)

3(13.64)

1(4.55)

3(13.64)

7(31.82)

11.5

41

26(63.41)

0

1(2.44)

15(36.59)

0

2(4.83)

1(2.44)

0

0

3(7.32)

15.5

37

0

0

0

0

0

0

0

0

0

0

-294-



Table 6. Skeletal malformations on the 18th day mouse foetuses exposed to 2Gy 7 -radiation on
different gestation days.

Exposure day p.c.

Foetuses examined

Deformity of occipital bone

Splitting of cervical vertebrae

Abnormal arrangement of
cervical vertebrae

Abnormal ossification of
coccygeal vertebrae

Fusion of lumbar vertebrae

Abnormal arrangement of
lumbar vertebrae

Fusion of thoracic vertebrae

Absence of ribs (^r i r l

Fusion of ribs (^-g-g-

Bifurcation of ribs (^r

Shortening of ribs (^f i

Fusion of sternebrae ( ^

Displasia of sternebrae

Missing of sternebrae

Hypoplasia of sternebrae
(Mf^3)

Curvature of tibia ( ^ i r t £ ^

Absence of metatarsal bone

Absence of metacarpal bone

Control

34

0

0

2.5

12

0

0

5.5

28

1(3.57)

0

7.5

23

2(8.70)

4(17.39)

11.5

39

1(2.56)

0

15.5

34

0

0

1(4.35)

1(2.56)

1(2.56)

1(4.35)

Absence of clavicle

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

. 0

0

0

0

0

0

0

0

0

0

0

0

0

2(8.70)

4(17.39)

2(8.70)

2(8.70)

0

0

0

3(13.04)

0

0

0

1(4.35)

2(5.13)

0

0

0

0

0

1(2.56)

1(2.56)

3(7.69)

1(2.56)

5(12.82)

15(38.46)

0

0

0

0

0

0

0

0

0

0

0

0

0

0

-295-



Table 7. Skeletal variation on the 18th day mouse foetuses exposed to 2Gy 7 -radiation on different
gestation days.

Foetuses examined

Dumbbell shape of ossification
of lumbar vertebrae

Control

34

0

2.5

12

0

Exposure day

5.5

28

0 U

p.c.

7.5

23

4.35}

11.5

39

0

15.5

34

0

Spliting of ossification
of lumbar vertebrae

Spliting of ossification
of thoracic vertebrae

Dumbbell shape of ossification
of thoracic vertebrae

Asymmetric of 13th rib
(13 ^ # yjrfl^)
Absence of 13th rib
(13 ^ £<H)
Shortening of 13th rib
(13 ^ #3})

Split center of sternebrae

Asymmetry center of sternebrae

Dumbbell shape of ossification
center of sternebrae

0

0

0 0

0

0

0

0

2(5.88)

0

0

0

0

0

3(25)

0

0

0

0

1(4.35)

1(4.35)

2(8.6)

2(8.6)

0

0

0

0 1(4.35) 2(5.13)

0 3(13.04) 2(5.13)

0 2(8.6) 1(2.56)

3(10.71) 10(43.48) 3(7.69)

0 1(4.35) 0

0

0

0

0

0

0

0

0

-296-



Table 8. Observation on the 18th day mouse foetuses exposed to different dose of 7 -ray on 11.5 day of gestation.

No. of
mothers

No. of
Implants

No. of
Early death

No. of
late death

No. of
resorption

O. \/o)
foetuses (%)

Body weight
(g)

Body length
(cm)

Head length
(cm)

Head width
(cm)

Incidence of Incidence of
decreased decreased
head width head length

Control 74 5(6.76) 69 7.25 1.557±0.09 3.252 + 0.634 1.154±0.047 0.825±0.015 2.03 2.90

0.5 109 9(8.26) 100 41 1.407±0.121 3.530±0.134 1.132±0.046 0.799 + 0.473 48

—J

I

116

86

6(5.17) 110 60.91 1.337±0.151 3.414 + 0.161 1.089 ±0.048 0.763±0.038 26.36 79.09

6(6.98) 80 100 0.923±0.076 2.710 + 0.216 1.02±0.042 0.721 ±0.022 98.75 72.5

93 24 33(35.48) 60 100 0.622±0.105 2.497 + 0.239 0.891 ±0.063 ' 0.612±0.032 100 100

GRF : Growth retarded foetuses, calculated as the number of growth retarded foetuses/ total number of live foetuses.
Foetuses weighing less than two standard deviations of mean body weight of the control group were considered as growth retarded.
A head width or length of less than two standard deviations of mean the control value was defined decreased head width or length.



Table 9. Analysis on 18th day mouse foetuses exposed to different dose of y -ray on 11.5day of gestation.

Litters

Conceptuses analyzed

Normal offspring

Intrauterine deaths

Malformed offspring

Offspring with very low
body weight*

Control

6

74

64

5

0

5

0.5

7

109

52

9

9

39

Dose(Gy)

1

7

116

38

6

22

50

2

6

86

0

6

78

2

4

6

93

0

33

60

0

*Very low body weight was defined as a body weight two or more standard deviations less than the mean for the control group
with no other abnormalities.
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Table 10. Malformations on the 18th day mouse foetuses exposed to different dose of 7 -ray on 11.5 days of gestation.

External malformation
Foetus examined

Omphalocele (BUI-l:^v)
Kinky tail ( i ? ^ 0 ] )
Branchyury(^Dl)
Clubfood(<J>^^)
Digits
(Oligodactyly, Syndactyly, Polydactyly,
Absent nail) (•§.*], 13"*!, ^ M , T ^ )
Dwarf (31 £ )
Anal atresia (%>-§• 3)1 i)l)

Hematoma(l^)
Internal malformation

Foetuses examined
Dilatation of cerebral ventricle(H -^ *!•-§")
Microphthalmia (rfvi-T1)
Anophthalamia(Jr(?]:T!-)
Stenosis of nasal cavity (U] ̂ ^ a]-)

Cleft palate (T^H 1 *! )

Levorotation of heart (-£! ̂ 'Sl-'ii)

Abnormal lobation of lung («1 ̂  tyty H)

Dilatation of renal pelvis ('il-^-%'8')

Control

69

0
0
0
0

0

0
0
0

35
0
0
0
0

0

0

0

0

0.5

100

1(1)
0
0
0

0

0
0

4(4)

52
0
0
0
0

0

0

0

2(3.85)

Dose(Gy)
1

110
0
0

1(0.91)
0

12(10.91)

0
0

6(5.45)

58
0
0
0
0

1(1.72)

0

0

0

2

80
0

14(17.5)
3(3.75)

0

72(90)

0
1(1.25)

0

41
26(63.41)

0
0

1(2.44)

15(36.59)

2(4.83)

1(2.44)

3(7.32)

4

60
0

2(3.33)
58(96.67)

12(20)

60(100)

60(100)
0

11(18.33)

32
32(100)
2(6.25)
1(3.13)

0

27(84.38)

0

0

4(12.5)

Skeletal malformation

Foetuses examined

Fusion of cervical

Deformity of occipital bone ( ^ f - i r7l %)

Splitting of cervical vertebrae (^ •f'i

Separating of cervical vertebrae ( ^ - f f •&• II)

Abnormal ossification of coccygeal vertebrae

Fusion of lumbar vertebrae

34
0
0
0
0

48
0

0
1(2.08)

2(4.17)

0

52

0

1(1.92)

0

0

39

0

1(2.56)

0

0

1(2.56)

1(2.56)

28

1(3.53)

4(14.29)

0

0

0

Fusion of thoracic vertebrae (-§-••?•-§-If)

Absence of ribs ( ^ S ^ ' H )

Fusion of ribs (^§-§-^")

Wavy ribs (sKS-^rir)
Hypoplasia of ribs (•^••S^'^ •^•-Ji)

Displasia of sternebrae (-|r S ° l %A^)

Missing of sternebrae (-S- s- ̂  °^)

Hypoplasia of sternebrae (^-ir-^l *$ -T-^1)

Curvature of tibia (3i #^]-^-)

Absence of metatarsal bone (1r^-S ;l!<H)

Absence of metacarpal bone ( ^ T i r l ! 0 } )

0

0

0

0

0

0

0

0

0

0

0

0

0

0

1(2.08)

0

0

0

0

0

0

0

0

1(1.92)

0

4(7.69)

0

0

0

0

0

l(i.92)
0

2(5.13)

0

0

0

0

1(2.56)

1(2.56)

3(7.69)

1(2.56)

5(12.82)

15(38.46)

1(3.57)

7(25)

6(21.43)

8(28.57)

27(96.43)

0

0

0

0

28(100)

28(100)
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Skeletal variation

Foetuses examined

Dumbbell shape of ossification of lumbar vertebrae

Fusion of ossification of lumbar vertebrae

Spliting of ossification of lumbar vertebrae

Spliting of ossification of thoracic vertebrae

Split center of sternebrae

Asymmetry center of sternebrae

Dumbbell shape of ossification center of stemebrae

Hypoplasia of ossification center of stemebrae

Extra-ossification center of strnebrae
rjf- •irSr'fr-tk-lP-i^))

Missing of ossification center of sternebrae

Dumbbell shape of ossification of sacral vertebrae

Fusion of ossification of sacral vertebrae

Spliting of ossification of sacral vertebrae

Hypoplasia of ossification of sacral vertebrae

Missing of ossification of sacral vertebrae .

Asymmetric of 13th rib (13 ^ - S u|tl)^i)

Absence of 13th rib (13 ^ # 1 ° } )

Shortening of 13th rib (13 ^f-ir ^ S r )

34

0

0

0

0

0

2(5.88)

0

0

0

0

0

0

0

0

0

0

0

0

48

0

0

0

0

4(8.33)

12(25)

2(4.17)

1(2.08)

2(4.17)

0

0

0

0

0

0

0

0

0

52

0

0

0

0

0

10(19.23)

1(1.92)

4(7.69)

1(1.92)

1(1.92)

0

0

0

0

0

0

1(1.92)

0

39

0

0

0

0

1(2.56)

3(7.69)

0

0

0

0

0

0

0

0

0

0

2(5.13)

2(5.13)

28

6(21.43)

10(35.71)

1(3.57)

8(28.57)

0

0

0

22(78.57)

0

21(75)

3(10.71)

7(25)

3(10.71)

3(10.71)

1(3.57)

0

28(100)

0
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Table 11. External malformations on the 18th day mouse foetuses exposed to different dose of
y -radiation on 11.5day of gestation.

Control

Dose(Gy)

0.5 1

Foetus examined

Omphalocele (ufl f̂Ur̂ S")

Kinky tail (ii"-^pl)

Branchyury (^u))

Club food (^b-^-^)

Digits
(Oligodactyly, Syndactyly,
Polydactyly, Absent nail)

(4.*), tM, 4*1, -¥-3:)
Dwarf (Sflifc)

Anal atresia ( ^ •§- 3]] ̂ fl)

69

0

0

0

0

0

0

0

100

1(1)

0

0

0

0

0

0

110 80 60

1(1.69) 14(17.5) 2(3.33)

0

0

0

0

3(3.75) 58(96.67)

0

0

1(1.25)

12(20)

72(90) 60(100)

60(100)

0

0 4(4) 6(5.45) 0 11(18.33)

-301-



Table 12. Internal malformations on the 18th day mouse foetuses exposed to different dose of
7 -radiation on 11.5day of gestation.

Foetuses examined

Dilatation of cerebral ventricle

Microphthalmia (i^ni1")

Anophthalamia(:T" 9}~?~)

Stenosis of nasal cavity

Cleft palate (̂ -711 <i)

Levorotation of heart

Abnormal lobation of lung

Dilatation of renal pelvis

Control

35

0

0

0

0

0

0

0

0

0.5

52

0

0

0

0

0

0

0

2(3.85)

Dose(Gy)

1

58

0

0

0

0

1(1.72)

0

0

0

2

41

26(63.41)

0

0

1(2.44)

15(36.59)

2(4.83)

1.(2.44)

3(7.32)

4

32

32(100)

2(6.25)

1(3.13)

0

27(84.38)

0

0

4(12.5)
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Table 13. Skeletal malformations on the 18th day mouse foetuses exposed to different dose of
7 -radiation on ll.Sday of gestation .

Foetuses examined

Fusion of cervical

Deformity of occipital bone

Splitting of cervical vertebrae

Separating of cervical vertebrae

Abnormal ossification of
Coccygeal vertebrae

Fusion of lumbar vertebrae

Fusion of thoracic vertebrae

Absence of ribs ( ^ s"^t°})

Fusion of ribs ( ^ # - § - ^ )

Wavy ribs (^HS"^ s")
Hypoplasia of ribs

( ^ - l ^ AjjJjL;*!)

Displasia of sternebrae

Missing of sternebrae

Hypoplasia of sternebrae

Curvature of tibia ( ^ e ^ ^ )

Absence of metatarsal bone

Absence of metacarpal bone

Control

34

0

0

0

0

0

0

0

0

0

0

0

0

0.

0

0

0

0

0.5

48

0

0

1(2.08)

2(4.17)

0

0

0

0

0

1(2.08)

0

0

0

0

0

0

0

Dose(Gy)

1

52

0

1(1.92)

0

0

0

0

1(1.92)

0

4(7.69)

0

0

0

0

0

1(1.92)

0

2

39

0

1(2.56)

0

0

1(2.56)

1(2.56)

2(5.13)

0

0

0

0

1(2.56)

1(2.56)

3(7.69)

1(2.56)

5(12.82)

15(38.46)

4

28

1(3.53)

4(14.29)

0

0

0

0

1(3.57)

7(25)

6(21.43)

8(28.57)

27(96.43)

0

0

0

0

28(100)

28(100)
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Table 14. Skeletal variation on the 18th day mouse foetuses exposed to different dose of y
radiation on 11.5 day of gestation.

Foetuses examined

Dumbbell shape of ossification of lumbar
vertebrae (J-L-^-ir °V^^§ ikQ^'v)
Fusion of ossification of lumbar
vertebrae (iL-^ir i iS}-^-^ -%r^)
Spliting of ossification of lumbar
vertebrae ( i L ^ i r i fSl- i t^ ^rSl)
Spliting of ossification of Thoracic
vertebrae ( ^ ^ s - # 5 } - ^ ^ -§""?}•)
Split center of sternebrae

Asymmetry center of sternebrae

Dumbbell shape of ossification center of
sternebrae (-§- if ° r^^§ if Sf "I1 'n)
Hypoplasia of ossification center of
sternebrae ( ^ i r isSl-fr^i ^ ^ - f - ^ i )
Extra-ossification center of strnebrae
(-f" if S^i l^ (-§-§))

Missing of ossification center of
sternebrae (-|P if ifSj-^f1^ ^.Q)
Dumbbell shape of ossification of sacral
vertebrae(^-^ir 6f^^ ifS)-^1^!)
Fusion of ossification of sacral vertebrae

Spliting of ossification of sacral
vertebrae (^i-^s- ^Sj-f1^1 ^Jr5})
Hypoplasia of ossification of sacral
vertebrae (^ i -^# ^"Sj-^'p ^ ^ - T " ^ )

Missing of ossification of sacral
vertebrae (^•^•s ' f J j -T ' n ^ ^ )
Asymmetric of 13th rib

Absence of 13th rib
(13 ^ § £°])

Shortening of 13th rib
(13 ^ f § #3})

Control

34

0

0

0

0

0

2(5.88)

0

0

0

0

0

0

0

0

0

0

0

0

0.5

48

0

0

0

0

4(8.33)

12(25)

2(4.17)

1(2.08)

2(4.17)

0

0

0

0

0

0

0

0

0

Dose(Gy)

1

52

0

0

0

0

0

10(19.23)

1(1.92)

4(7.69)

1(1.92)

1(1.92)

0

0

0

0

0

0

1(1.92)

0

2

39

0

0

0

0

1(2.56)

3(7.69)

0

0

0

0

0

0

0

0

0

0

2(5.13)

2(5.13)

4

28

6(21.43)

10(35.71)

1(3.57)

8(28.57)

0

0

0

22(78.57)

0

21(75)

3(10.71)

7(25)

3(10.71)

3(10.71)

1(3.57)

0

28(100)

0

- 3 0 4 -



I
CO

Animals: ICR Mouse
Irradiation: 2 Gy in different gestation days

Autopsy: 18th day after birth

Olygodactyly

Asymetry center of
sternbrae

Ablepharon

Kinky tail

Dilatation of
cerebral ventricle

Fusion of ribs

Fig. 1. Observation of abnormality on the 18th day mouse fetuses
exposed to 2 Gy
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Fig. 2. Establishment of Radioresistant Cells and Carcinogenic Effect



Fig. 3. Radiation Effect on Liver Carcinogenesis in Rats

Weeks

Control

Radiation

+DEN

&f&&A\-mm-i&''::,z;!zz^'j..i-..\

13

• T
I- y-radiation after14 days of pregnancy
U Birth

•

Diethylnitrosamine (DEN)
50 mg/kg, intraperitoneai injection

Female

o
H—CM

+ E

C0

4
3.5

3
2.5

2
1.5

1
0.5

0

0.14
0.12

10 30 60

DoseFtefl
90

10 30 60 90

Dose (Bad

Male

0.2

0.15

0.1

0.05

0 10 30 60 90

DoseFfefl
10 30 60 90

DoseFHaOl



"55
c
0)
o

O
<5

c
o

J2
z >»
UJ O

a.

"1
CD

xapuj VNOd

it
LU.E

5

asc

(0

c

CL

x:

D)
C

Q.

o

CM

a

I

•••4

co
a.
3
O
6

a

I
a

I aio/sjsqainu JOOJ

LJ_

-308-



o>

350

300

250

200

150

100

50

0

-

. . ^ - , . . . . . . „ , • • •

-—•—»___*—•

JJ -*- Radiation

•//* treated

- / ^Untreated

_• control

i i i i i i i i

0 2 5 18 27 31 36 40

weeks

Body weight

120

100

80

g 60

40

20

0

-

-•—«—K^_

Radiation

treated
-

-• - Untreated

control
i i i i i i i i

0 5 6 10 12 13 16 22 24

weeks

Survival curve

Tumor number and size per location

Number Size (mm3)

Left upper

Left lower

Right upper

Right lower

8

10

11

6

2.34+1.79

17.7+23.27

8.08+11.69

24.37+47.0

Fig. 5. Mammary Tumor Model by Radiation in Mouse
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Table 1. Development of chemically induced tumor by various

dose of MCA

MCA dose

(ug/mouse)

25

100

400

No

(mean

C3H/He

. of mice with tumor

weeks to tumor growth)

0/10

0/10

6/9 (10)

No.

(mean

C3H/He9ta

of mice with tumor

weeks to tumor growth)

10/10 (7)

10/10 (6)

9/9 (5.5)

- 3 2 6 -
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