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Abstract in Japanese 

~)C!lli§ Molecular properties and function oi DNA-dependent protein kinase 

in t·adiation response. 
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I. lNTRODUCfiON. 



1.1. DNA doubl e-strand break and DNA-dependent 

protein kinase. 

Ioni zi n g and non-ionizing radiation cause various dam a ge s on 

DNA mo lecules, s uch as base alteration and single- and double­

strand breaks , and biological effects , such as cell killing, 

mutagenesis a nd transformation. In the case of ionizing radiation , 

the doub le-st ra nd break (DSB) of DNA is considered the main 

mediator of these radiobiological effec ts a nd cells repair DSBs by 

various mechanism. In response to radiation , cells also arrest at 

Gl / S and / or G2 / M bound a ry o r die via apop tos is (1). 

DNA-dependent protein kinase (DNA-PK) is a nuclear 

ser ine / th reon in e protein kinase composed of three sub u nits of 

470kDa, 86k Da and 70kDa , respective ly (2-6). 470kDa s u b uni t is 

the cata ly t ic sub un it (DNA-PKcs) (7) and 86k Da and 7 0kD a subunits 

(KuR6 a nd Ku70 , respectively) form a heterodimer termed Ku 

an tigen (8 ,9). DNA-PK binds to and requires e nds of doub le­

stranded DNA to be ac ti vated (6, l 0) and pho s phoryl ates a numb e r 

of nuclea r p rot eins i nc lu ding p53 (2 3 , 11 , J2) a nd replication 

protein A (RPA) (13, 14) , suggesting its role in rejoi ning double­

strand breaks of DNA a nd in t ri ggering cell ul ar response to 

rad iation s uch ce ll cycle arrest and ce ll death by apoptosis. 

1.2. Possible roles of DNA-PK in double -st rand 

break repair. 

DNA-PKcs is defective in the scid (severe combined 

immunodeficiency) mouse (15-17) , lacking m a tur e BandT ce ll s 

due to a defect in V(D)J recombination (18 , 19). The scid mouse is 

a lso h ype rsensiti ve to ioni z ing radiation due to a defect in repair of 

DSB (20-22). A hum an g li om a ce ll line M059J , la cking DNA-PKc ·, 

2 



also s howed radiosensitivity with defective double-strand break 

repair (23). Ku86 is XRCCS (X-ray eros -comp lementing 5) gene 

product that is defective in X-ray sensitive rodent cell lin es 

includingx r s-5, -6, and XR-Vl5B (24 , 25). These ce ll lin es are a lso 

defec ti ve in artificial V(D)J recombination induced by ectopic 

expressio n of recombination ac ti vati ng genes RAG1 and RAG2 (24 , 

25 , 26). Additionally , mice deficient for Ku8t\ or Ku70 gene, 

estab li she d using ge ne -targeting mutagenesis, is hypersensitive to 

rad iat ion a nd defective in V(D)J recobmination (27-30). 

M a mm al ian m ut ants deficient for DNA-PK subunits arc l isted in 

Table.l-1. , most of which exhib i t elevated radiation se nsitivity and 

defect ive V(D)J recombination. These facts indi cate that DN A-PK 

plays a n esse nti al role in repair of radiation induced DSBs a nd V(D)J 

recombination. 

DNA -PK is s up posed to bind to the end of double-strand DNA 

breaks , to phosphoryl a te rep a ir e n zymes, such as DNA lig ases, 

contro lling their act iv ity an d loca lization a nd to p rot ect DNA ends 

from nucl ease digestion (39). In addit ion to DNA-PK, XRCC4and 

DNA li gase IV are likely to participate in m a mm alian DSB repair. 

X R- 1 cells, lack in g XRCC4 gene, is phenotypically simi lar to scid and 

xrs , be in g h yperse ns itive to ion izing radiation with defects in 

rejo inin g of DSB a nd incapable of carryi ng out V(D)J recombin~tion 

(26, 40). XRCC4 protein is phosphory lated by DNA-PK in vi tr o and 

possibly al so in v i vo (41). Additionall y , XRCC4 forms complex with 

and s t i mul ates DNA li gase IV (41, 42). Regarding these facts, 

XRCC4/DNA li gase IV complex might be a DSB rejoining enzyme 

c oopera tin g with DNA-PK. 
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1.3. Possible roles of DNA-PK in signal transduction 

of DNA damage. 

DNA-PK recognizes serine or threonine residues either 

preceded or followed by glutamine (12, 43, 44) and is known to 

phosphorylate a number of proteins that participate in 

tr a nscription , cell cycle control and / or ce ll death (Table.l-2). 

Among these protein s, p53, RPA and c -Ab! responses to ionizing 

radiation and are thought to transduceD A damage sign a ls a t 

downstream of DNA-PK. 

p53: p53 is a product of tumor suppressor gene and 

implicated in cell cycle arrest and in a poptosis. These functions of 

p53 are most likely mediated through transactivation of t a rget 

genes such as cyclin-dependent kinases inhibitor 

p21 WAF1 / Cip1 / Sdi1 and apoptosis promotor Bax (57). p53 protein 

acc umulates through posttranscriptional mechanism(s) fol lowing 

irr a diation (58) with subsequent increase in tr a n scri pt of p 21 (59). 

Serines 15 and 37 of hum an p53 and serine 18 of murin e p53 in 

vitro by DNA-PK (11, 12) and in cel l following irrad iation (60) . 

Phosphorylation of p53 by DNA-PK interfere with binding to Mdm2 , 

which inhibits transcirptional activat ion by p53 (61 , 62) and 

promotes degradation by proteasome of p53 (63, 64). Therefore , in 

response to DSB induced by ioni zing radiation , DNA-PK might 

upregulate and stabi lize p53 through phosphorylation , leading to 

expression of genes related to ce ll cycle arrest and ap optosis_ 

Additionally , since th e DNA-PK pho s phorylation sites on p53 are 

located within th e domain through which p53 interac ts with 

replication and repair protein RPA and with general transcription 

factor TAFs (TBP associated factors), DNA-PK might also modify 

interaction between p53 and these proteins (57). 
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Table 2 . Proteins phosphorylated by DNA-PK . 

Protein Function Reference 

p53 Transcription factor , controling ce ll 2, 3, 11 , 12, 
cycle a nd / or ce ll death 62 

Replication protein A DNA replication and nucleotide 13, 14, 45 , 
(RPA) exc is ion repair 46 

c-Abl Protein tyrosine kin ase, 4 7 , 48 
cell prolifera tion control 

XRCC4 DNA double-strand break repair 41 
and V(D)J recombin a tion, 

interacting with DNA ligase IV . 

SV40 T antigen Viral DNA rep lic a tion a nd 48 
transcription 

RNA polymerase I I Transcription 49 
largest subunit 

Spl Transcription factor 5 0 

c- Jun Transcription factor 44 

c- Myc Transcription factor 51 
--

S e rum response factor Transcription factor 52 
(SRF) 

TATA-box binding Basa l tran scription factor 53, 54 
protein (TBP) 

TFIIB Basal tr anscription factor 54 

Glucocorticoid receptor Transcription factor 55, 56 

Hsp90 Stress respon se 43 

6 



Replication protein A (RPA; also termed HSSB): RPA . a 

heterotrimeric protein compo ed of70kDa. 34k Da and 14kDa 

s ubunits, plays essential roles in DNA replication and in nucleotide 

exc ision repair. These functions of RPA is thought to be mediated 

through interaction with single-stranded region of DNA and with 

other prot ei ns including DNA polymerascs , XPA and ERCCI. Sin e 

RPA interact also with Rad51 , a homologous recombination factor , 

and with p53, it may have additional roles in recombination and / or 

in transcription. DNA-PK phosphorylates in vitro the 34k Da subunit 

of RPA (13, 14 , 45, 46) , which is phosphorylated in S-pha . e (65) 

and following irradiation in vivo (66, 67). Though the significance 

of this phosphorylation is not well clarified, DNA-PK might regulate 

function or localization of RPA in DNA replication , transcription or 

repair of DSB through phosphorylation. 

c-Ab I : c-Abl tyrosine ki n ase interacts with DNA-PKcs 

constitutively and with Ku fo l lowing y-irradiation and the 

interaction between c-Abl and DNA-PK is enhanced by y-i rradi ation 

(47). c-Ab l-DNA -PK interaction is thought to be mediated throu gh 

SH3 (Src homology domain 3) of c-Abl and a proline-ri c h region 

located within kinase homology domain of DNA-PK (68). DNA-PK 

phosphorylates and stimulates kinase activity of c-Abl in vitro. The 

kinase activity of c-Abl increases following y-irradiation and the 

increment is sma ller in scid cells , lacking DNA-PKcs , than wild-type . 

Since c-Abl is implicated in ionizing radiation-induced cell cycle 

arrest a nd apoptosis (69 , 70), DNA-PK might trigger these response 

through upregulation of c-Abl. Additonally , since c-Abl 

phosphorylates DNA-PKes following y-irradiation and induce its 

dissociat ion from DNA, c-Abl might negatively regulate DNA-PK as a 

feedback mechanism. 
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1.4 . Homologues and relatives of DNA-PK subunits. 

Recent studies indicate th at eukaryotic ce lL repair DSBs either 

v ia homologous reco mbination or via non-homologous end joining 

a nd that these mechani sms for DSB repair might be conserved 

throughout eukaryote (71) . Thus studies on D A-PK related 

molecules in yeast or other organisms are indicativ e of DNA-PK 

function in mammal. 

Homolog u es of Ku proteins: Homologue s of Ku proteins a rc 

identified in mammal (human , hamster, mouse) , fry (Drosophila 

m e lanogaster) and yeast (Saccharomyces ccrevisiae). Ku 70 a nd 

Ku86 homologue in yeast is well-studied a nd termed HDFl and 

HDF2, respectively , for h._igh-affinity .QNA-binding factor (72-75). 

Hdfl and hdf2 mutant show elevated radiosensitivity in rad52 

background (75-77) and defects in illegitimate recombin a tion (78) 

a nd in recircularization of restriction enzyme-digested pl as mid s 

(75, 77). Thus HDFl / 2 are thought to participate in non­

homologous end-joining, while RAD52 particip ate in homologous 

recombination. Mutant of DNL4 gene , the yeast homologue of DNA 

ligase IV show similar phenotype to hdfl or hdf2 , indic a ting 

cooperation between Ku and DNA ligase I V in DNA recombinatiun 

a nd / or repair is conserved throughout eukaryote (79 , 80). 

Additionally, Hdflp was found to interact with a transcription a l 

silencing fac tor Sir4p in two-hybrid analysis and s ir 2, sir3 or s ir4 

mutant were silmi lar to hdf mutants regarding defective 

illegitimate recombination and recircularization of line a ri zed 

plasmids and elevated radiosensitivity in rad5 2 background (81). 

It would be interesting whether Ku and / or DNA-PKcs in mammal 

also cooperate with silencer proteins. 
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Drosophila Ku70 homologue is known as IRBP (inverted-repeat 

binding protein) that binds to inverted repeats in transposable P 

elements and mus309 mutant , lacking LRBP , show large deletion 

afte r ?-clement excision and elevated sensitivity to 

metbylmcthane-sulfonate (82 ,!l3 ). These facts indicate that 

functio ns of Ku proteins in DNA rep a ir and site-specific 

recombination, such as V(D)J recombination and ?-clement 

transposition, a rc conserved throughout e uk a r yote. 

Relatives of DNA-PKcs: Homologues of DNA-PKcs are 

described only in m ammal. Howe ver, DNA-PK-Iikc activity w as also 

detected in extracts from Xenopus egg and Drosophila embryo (!l4). 

Thus, DNA-PKcs might be conserved throughout a nim a l kingdom or 

throughout eukaryote. The putative kinase domain at the C­

terminus of DNA-PKcs is related to phosphatidylinositol (Pl) kinases 

and , more closely to, ATM, which is considered reponsible for 

human genetic disorder ataxia-tela.ngie ctas ia (7 , 85) . Ataxia­

telangiectasia patients display symptoms includin g 

immunodeficiency , chromosomal instability and predisposition to 

cancer, indicating possible roles of ATM in recombin a tion and 

genome surveillance (86). Additionally , cultured cell lines from AT 

patient show hypersen s itity to ioni z ing radiation with impaired cell 

cycle arrest a nd p53 induction (87-89) , indicating that ATM might 

a lso be required for signal transduction of r a diation-caused DNA 

damage (86). The role of ATM in radiation response might be 

sim il ar to or partially overlapping with that of DNA-PKcs, as 

indicated by the fact that radiation induced phosphorylation of RPA 

is partially impaired in AT cells (66) and the evidence that ATM 

binds tO , phosphorylates a nd st imul ates c-Abl (90, 91). 
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Proteins related to DNA -PKcs and ATM, col lective ly termed 

ATM family proteins , include Mcclp / Esrlp (92, 93) and Tcllp (94, 

95) from Saccharomy ces ce revisia e Rad3p (96 , 97) from 

Schizosaccltaromy ces pombe and Mei4lp (98) from Drosop hila 

melanogas rer, all of which are implicated in recombination and / or 

cell cycle c heckpoint. Additional ly, there is another DNA-PKcs- a nd 

ATM-rela ted molecule, termed ATR, in human, which might h ave 

function in meiotic recombination (90 , 99 , 100). 

1.5. T he aim of t hi s st ud y . 

Since DNA-PK is considered a critical e nzyme in repair and / or 

sig nal tran sdu ct ion of DSB, th c i nhi biti on or inactivation of this 

enzyme may result in cellu lar radiosensitization . Hyperthermia has 

cell kill ing effect either by itself or synergistically with radiation , 

and thus is used to treat cancer mostly combined with radiation (l). 

One of the biological basis for the combined use of h yperthe rmia 

a nd radiation is complementary patterns of sensitivity through th e 

cell cycle: the radioresistant S phase cells arc sensitive to 

hyperthermia (1). Additiona lly , radioresistant hypoxic cells are no 

more resistant or even more sensitive to radiation than aerated 

ce lls (1). Furthermore, hypert hermia has radiosensitizing effect 

possib ly due to in h ibition of repair of radiat ion induced damage , as 

there are l i nes of evidence indicating that hyperthermia inhibits 

rejoining of sing le- or doub le-strand breaks (1 , 101 , 102, 103). 

On the basis of these facts, I studied hyperthermic stability of 

DNA-PK, in order to examine the possibilit that hype rthermic 

radioscnsitiz a tion be medi a ted through effect on thi. enzyme . 
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II. MATE RIALS AND METHODS. 

1 1 



2.1. Reagents. 

Reagents were obtained from Wako Pure hemical or Nakarai 

Tesque. unless otherwise indicated, except for the following: 

RPMI1640 medium from Life Techno lo gies (Grand Island , New 

York, USA), calf bovine serum from H yclo ne (Logan , Utah , USA) , 

penicillin pot ass ium from Banyu (Tokyo, J apan), streptomycin 

sulfate from Meiji (Tokyo Japan) , DEAE Bio-Gel A from Bio-Rad 

(Richmond, California , USA), DNA-cellulose f rom Ph armacia 

(Uppsala, Swed e n) , Cl-casein from United states Biochemicals 

(Cleave la nd. Ohio, USA), and Jy-32PJATP from NEN (Boston. 

Massach us etts. USA). Synthetic peptide , used as a substrate for 

DNA-PK, is produced by myself or lw aki Glass (Funabashi, Japan) 

by sta nd a rd Fmoc method. 

2 .2. Ce ll cu l tut·e 

Cell lin es used for thi s study were grown at 37DCin humidified 

atmosp h e re with 5% C02 . V79 c hinese ham s t er lun g fibrobla t, 

FM3A Cior-3 murine m a mm ary carcinoma and A7 human g li oma 

cells were cu ltured in Minim a l Esse nti a l alpha M edium ( M EM) 

uppl eme nted with 10 % calf bovine seru m . MOLT-4 human Tee!! 

leukemi a and MKN-4 5 human stomac h cancer cells were cu ltur ed in 

RPM[-1640 medium sup pl emented with 10% calf bovine serum. 

U937 monocytic lymphoma and HL60 promyelotic leukemia cells 

were cultured in RPM I-1640 medium s uppl emen ted with 10 % feta l 

ca lf serum. FSA murine f ibro sarcoma cells were cultured in 

McCoy's 5A medium s upplem en t ed with 10% CBS. All m edia were 

· uppl eme nt e d with 1 o5un of penicillin potassium and 1 OOmg/1 of 

s tr e ptomy ci n . 
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Cells were harvested by tripsinizalion, if necessary, and 

centrifugation (350xg for 5 min) followed by washing twice with 

ice-cold Tris-buffered sa lin e (lOmM Tris-HCI , pH 7.4 , 2mM MgCI 2, 

140mM NaCI) and were stored at -700Cuntil use. Part of MOLT-4 

cells, used for DNA-PK purification, were kindly provided by Dr. 

Takeuchi (Fujisaki Institute of Hayashibara Biomedical Laboratories 

Inc., Okayama , Japan) . 

2 . 3 . D NA -PK p u rification . 

MOLT-4 cell nuclei were prepared from 2-10xJ09 cells as 

described ("I 04). Nuclei were resuspended in buffer A (20mM 

HEPES-NaOH, pH 7.9, 400mM KCI, lm M EDTA, lmM EGTA, 0 .02 % 

Tween 20, 10% glycerol , lmM dithiothreitol (DTT), lmM PMSF 

(phenylmethylsulfonyl fluoride), 1 f.lg / rn I of leupeptin , pepstatin and 

antipai n , respectively) and agitated with a stirring bar for 30 min 

followed by centrifugation at 100 , 000g for 60 min. The 

supernatant nuclear extract (30ml) was passed through the first 

DEAE Bio-Gel A column and dia lyzed against buffer B (20mM Tris­

HCl, pH 7.5, lmM EDTA 10% glycerol, 50mM NaCI, lmM DTT, lmM 

PMSF, 1 f.lg / m I of leupeptin , pepstatin and an ti pain , respectively). 

Dialys a te was applied to the second DEAE Bio-G e l A and el ut ed with 

buffer B with increasing NaCI concentration linearly from 0.05M to 

0.3M . DNA-PK was eluted with 0.14-0.17M NaCl. Th e DNA-PK 

fractions were passed through NAP-25 column equilibrated with 

buffer C(20mM HEPES-NaOH, pH 7.2, lmM MgCI2, 15 % glycerol , 

200mM NaCl, lmM DTT, lmM PMSF, lf.lg / ml of leupcptin , pep lati n 

and antipain, respectively) and final ly loaded onto native DNA­

cel lu lose column (lml). Absorbed protein was eluted into 12 

fractions (lrnl each) by s tepwise increase of NaCI concentration in 



buffer C(Fig.2). Fraction 6, 0.6M NaCl e luat e w a s us ed as the 

purified DNA-PK holoen z yme for furth e r s tudi es. 

2.4. Separation of DNA-PKcs and Ku subunits by 

glycerol gradient ultracentrifugation . 

Two hundred f.ll aliquot of purified DNA-PK (fr action 6 of 

native DNA-cellulose column chromatography) w a s mixed with 

100f,ll of water, layered on 5ml of 15-35 % glycerol gr a di e nt in 

buffer D (20m M HEPES-NaOH , pH 7.2, 1m M MgCi z• 1OOm M NaCI , 

1mM OTT) and centrifuged at 40 , 000rpm (160,000g) for 2lh using 

an SW50.2 ruler (Beckman , Palo Alto , California , USA). Twent y 

fractions of 25Uf.LI each were collected , and DNA-PKcs and Ku 

subunits were found separated in fraction s 5 and 6 a nd fra c tion s 1 1 

through 17 , respectively (Fig.S). 

2.5. Preparation of crude cell extract. 

Pel lets of 3 to 10x106 cells were washed twice with icc-cold 

Tris-buffered saline (lOmM Tris-HC I (pH 7.4) 2mM MgCl2, 14UmM 

NaCI) and were resuspended in 30 to 100f,ll of extraction buffer 

(20mM HEPES-NaOH (pH 7 .9), 40UmM KCl, 1mM EDTA, lmM EGTA, 

10 % g lycero l, 0.02 % Tween 20 , lmM PMSF, l f,lg / ml of lcupeptin, 

pepst a tin and antipain, respectively) followed by thre e -round s of 

freezing in liquid nitrogen bath and thawing in water bath at 3 00 C. 

The crude ce ll extract ob tained after incubation for 30 min at 40C 

and centrifugation at 15,000g for 7 min to remove cell debris. Th e 

protein concenration of crude cell extract was determined usin g 

BCA protein assay kit and bovine serum albumin as a standard 

(Pierce, Rockford , Illino is, USA) and diluted to 1.0 or 3.3mg/ ml. 
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2.6. Protein kinase assay. 

D A-PK activity was assayed using a synthetic peptide p53-

#15 (EPPLSQEAFADLWKK) (23) as a substrate except indicated 

otherwise. 

Filter binding protocol: In section 3.1 and 3.2., the reaction 

mixture (total volume 2 0~-tl) contained 20mM HEPES-NaOH, pH 7.2, 

lOOmM NaCl, 5mM MgCl2, 50~-tM [y-32P JATP. 5 ~-tg peptide s ub strate , 

lm M OTT and 0.5mM each of NaF and (3-sodium g lycerophospha te 

and 0.5 to 5 ~-tl of enzyme fraction was added. The reaction mi xture 

was incubated at 370C for 10 min and the re act ion was s topped by 

the addition of equal volume of 30% acetic acid. The reaction 

mixture was spotted onto a P81 phosphocellulose paper di sk 

(Whatman, Maidstone, England), washed in 15% ace tic acid a nd 

counted in a liquid scintillation counter (Beckman). The amount of 

phosphate incorporated to peptide was ca lculated by comparing the 

radioactivity on paper disk to th at of known amo unt , i.e. 1 Opmol , of 

ATP. 

In the Fig.l and 2 experiment , 50f.Lg a-casein in a total volume 

5 0[11 was used as a substrate. After incub a tion a t 370Cfor 1(1 min , 

a 40f.Ll a liquot was spotted onto a .. quare 3MM paper (Whatman) , 

washed with 5% trichloroacetic acid solution supplemented with 

0.5 % sodium pyrophosphate and counted in a liquid scintillation 

counter. 

Electrophoretic resolution protocol: In section 3.3., I 

devised a new protocol , modifyi ng "pull-down assay protocol" 

described by Finnie cl a!. (84). Fifteen ~-tl aliquot of crude ce ll 

extract, contain in g 15 to 5 0~-tg , was mixed with 6f.lg wet weight of 

native DNA-cellulose (Pharmaci a . Uppsala, Sweden) suspended in 

30~.Li of HK buffer (20mM HEPES- aOH (pH 7.2) , 50mM KCI, lmM 
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MgCI2, 15 % g lycerol , lm M DIT), incubated for 30 min a t 40Cand 

centrifuged at 15,0 00 g for 2 min. The precipitate was washed 

twi ce with 1 m l of H.K buffer. resuspended in 20!!1 nf kinase buffer 

(20mM HEPES-Na OH (pH 7.2) , l50mM .KCI, 5m M MgCI2 , 5 01!M fy-

32P]ATP (7.4kBq / nm o l) , 0.25mg / ml syn th et ic peptide p53-# l 5, 

lmM DIT, 0.5mM sodi um p-glyeerop ho sphate, 0.5mM NaF) and 

incub a ted at 370Cfor10min. The re act ion mixtur e was fractionated 

thro u g h 15% poly ac r y lamide gel fo llowing standard SDS-PAGE 

protocol , instead of spotting onto phosphoccllulose p aper in the 

protoco l of Finnie ct a l. (84) . The spots of phosphorylated peptid e 

were a n a ly ze d hy scanning dried ge l using phosphor imager 

BAS2000 (Fuji) and the amo unt of phosphate incorpor a ted to 

peptide was calculated by comparing t h e radioactivity of 

phosphorylated peptide spots to th at of known amount. i.e. lOpm o l , 

of ATP . Part of these experiments , i.e. those on FM 3 A Cior-3 , FSA, 

MKN-45 a nd A7 were carried out by Ms. N. Umeda. 

2 .7 . A ntibodie s a nd Wes tern b lottin g . 

R a bit antisera AJ-JP 316, AHP317 and AHP31 8, re active to Ku70. 

Ku 86 and DNA-PKcs respectively , were pur c h ased f rom Serotec 

(Oxford, UK). Ku auto-antiserum, from a sc lerode rm a-polymyositis 

overlap syndrome p a ti e nt, which was immunor eac tiv e to both Ku86 

and Ku70 antigen (8, 9) , was a gift from Dr. Mimori (Keio 

Universtiy , Tokyo , Japan). Mou se monoclon a l a ntj bod y , s pecif ic a ll y 

rea c tive to Ku86 subunit, wa s a gift from Dr. Okumur a (S hion og i 

Institute for Medica l Science , Osaka , Japan). 

For western blotting , prot e in spots af ter SDS-PAGE were 

e lectrophoreti ca lly tr a n s ferred us in g sc midr y transfer system 

(ATTO, Toky o , J apa n) onlo a polyvinylidene difluorid e ( PYDF) 
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membrane (Immobilon , Millipore , Bedford, Massac husetts , USA). 

The membrane w as probed with antiserum or a nti body described 

above a nd visualized with HRP-1000 (Konica, Tokyo , Japan). 

2.8. X-ray inadiatioo and hyperthermic treatment. 

Hyperthermic tre a tm e nt (10 7 ) was carried out by s ubmergin g 

the cu ltur e flask or Eppendorf tube in a water bath (!kcmoto Rik a, 

Tokyo, Jap an) set at 440Cwith the precision within o . osoc. Cells 

were irradiated using HF-350 (Shimadzu, Kyoto , Japan) at 

l.4Gy / min (operated at 200kV , 20mA with fillers of O.Smm Cu and 

l.Omm AI) at room temperature . When combined with 

hyperthermia, X-ray treatment was given following hyperthermi a 

within 30 min. 

2.9. Colony formation assay for cell survival. 

Cell s urviv al ofV79 , FSA, A7 or MKN-45 cells w as det e rmin e d 

as their co lony forming ability on plastic dish. Following 

hyperthermia and / or irradiation , cells were trypsinized , recover ed 

with medium , counted , diluted and plated onto 60mm di s hes in 

trip licate . After incubation for 6 to 9 days for V79 cells and 12 to 

16 days for other cells cel ls were stained with crystal violet a nd 

co loni es were counted. Plating efficiency (P.E.) and surviving 

frac tion (S.F.) were calcula ted as follows: 

P.E. = 100 x the mean number of colony formed divided b y the 

number of celLs pl a ted onto discs , 

S.F. (%) = P.E. of cells treated with hyperthermia and / or irradiation 

divided by P.E. of control. 

Cell surviva l of MOLT-4 , U937 , HLiiO , FM3A was determined as 

their co lony forming ability in soft agar. Following hyperthermi a 



and / or irradiation, ce ll suspension after appropr iate dilution was 

mixed w ith m edi um containing 15 % serum a nd 0.16 % agaro e 

(Naka rai Tesque , Kyoto, Japan). After incubation for 6 to 8 d ays for 

FM3A, 12 to 16 d ays fo r MOLT-4 a nd U937 a nd 21 to 25 <.la ys for 

HL60 cells , visible colonies were co unted and P.E. and S.F. were 

calc ul ated as indicated above. 

X-r ay dose-sur viva l curves were fitted to linear-quadrati c (LQ) 

mod e l e qu a tion , S.F. = exp(-aD-~o2) , by minimal s qu are method as 

calc ulated by softwa re " Ka leidagraph". D1 o, th e X-r ay dose giving 

10 % survival , was calculated from th e fitted LQ equati on . Therm a l 

e nh a n ce m e nt r at io (TER) is calcu la ted as D10 of unh eated ce ll s 

divided by th at of h eated cells . 
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lll. RESULTS 
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3.1. Purification and characterization of DNA-PK 

from MOLT-4 nuclei. 

3.1.1. Purification of DNA-PK ft·om MOLT-4 nuclei. 

Table.3 summerizes purification steps a nd the results. In the 

second DEAE Bio-Gel A column, DNA-PK acti v ity was e luted with 

0.14 to 0.16M NaCI (Fig. 1 , fractions 17 through 24) a nd in the final 

native DNA-cellulose column chromatography , DNA-PK activity w as 

e lut ed with 0.3 to 0.6M NaCI eluate (Fig.2, fr a ctions 2 through R). 

Fraction 6, the 0.6M NaCI eluate, from native DNA-cellulose column 

chromatography (Fig.2B, lane 6) cont a ined three major pol y peptid e 

band . of >L70kDa , 85kD a a nd 70kDa. After Western blotting , r a bbit 

a ntiserum against DNA-PKcs, Ku86 and Ku70 reacted with b a nds of 

>170kDa, 85kDa and 70kDa, respectively, (Fig .3) indica ting that 

these were three subunits of DNA-PK, i.e. DNA-PKcs , Ku86 and 

Ku70. Additiona ll y, Ku auto-antiserum reacted with 85kDa- and 

70kDa-bands , however , anti-Ku86 monoclonal antibody reacted 

only with 85kDa bands, supporting that 85kDa- and 70kDa-b a nds 

arc t he two subu nit s of Ku antigen (data not shown) . 

Purified DNA-PK exhibited maximal activity in pH between 7.2 

to 9. 3 (Fig.4A) and in NaCI concentration between 16 5 and 21 5 mM 

(Fig.4B). Glycerol concentration higher than 10 % v / inhibited 

DNA-PK (Fig.4C). Additionally, single-stranded DNA did not activate 

but inhibited DNA-PK (Fig.4D). I n agreement with the idea that Ku 

is a component of DNA-PK, antiserum against Ku86 parti a lly 

inh i bited D A-PK activity (Fig .4E). These characteristics of DNA-PK 

from MOLT-4 cel ls were simi lar to those purified from HeLa and 

Raji cells (2-6, 51, 105 , 106). 

20 



3.1.2. Separation of DNA-PKcs and Ku subunits by 

glycerol gradient ultracentrifugation. 

DNA-PK holo e n zyme (fraction 6 of Fig.2B) was further 

separated into DNA-PKcs and Ku ·ubunits by ultracentrifugation in 

a g ly cero l gradient. Most of DNA-PKcs was present in fractions 5 

a nd 6, whil e most of Ku86 and Ku70 were pr esent in fraction 1 1 

through 17 as s h o wn in Fig.5A. Kin ase activ it y was fou n d in DNA­

PKcs fractions (Fig. 5B), a nd Ku fract ion itse lf had littl e or no kinase 

ac tivity, however , th e addition of Ku to DNA-PKcs e nh ance d kin ase 

act iv ity (Fig.6). 
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Protein kinase activity of 5 f11. aliquot from each fraction was 
determined using a-casein as a substrate in the presence (0 ) or 
absence (e) of 20ng/ f!l of sonicated salmon sperm DNA at 37°C for 
10 min. Thin line and dotted line show NaCl concentration and UV 
absorbance at 280nrn, respectively. 
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A, Protein kinase activity of 5~ aliquot from each fraction was 
determined using a-casein as a substrate in the presence (Q ) or 
absence (e ) of 20ng/~ of sonicated salmon sperm DNA at 37°C 
for 10 min. NaCl concentration is indicated with arrow heads and 
broken line shows UV absorbance at 280nm. B, SDS-PAGE pateros 
of 10~ aliquot from each fraction, visualized by Coomassie 
Brilliant Blue staining. Fraction numbers are indicated at the top. 
The positions of D A-PKcs, Ku8 6 and Ku70 are indicated by 
arrows. 
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Figure3 . Western blotting analysis of purified DNA-PK. 
Purified DNA-PK (fraction 6 of Figure2) was separated through 
SDS-PAGE and trans blotted to polyvinylidene difluoride 
membrane followed by detection using antiserum AHP316, 
AHP317 or AHP318. 
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Figure4 . Characteristics of purified DNA-PK. 
A, DNA-PK activity in various pH. The kinase activity of 
purified DNA-PK was assayed using synthetic peptide as a 
substrate at 37°C for 10 min with 20ng/ 0 of sonicated salmon 
sperm DNA in reaction buffer with varying pH. Activity is 
expressed as the percentage of maximum activity, i.e. that in pH 
7.5. 
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Figure4 . Characteristics of p urified DNA-PK. 
B, DNA-PK activity in various aCl concentration. The kinase 
activity of purified DNA-PK was assayed as in A, except that 
reaction buffer contained varying concentration of NaCl. 
Activity is expressed as the percentage of maximum activity, i.e. 
that in 165mM of NaCl. 
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Figure 4 . Ch aracteristics of p urified DNA-PK. 
C, DNA-PK activity in various glycerol concen tration. The 
kinase activity of purified DNA-PK was assayed except that 
reaction buffer contained varying concentration of glycerol. 
Activity is expressed as the percentage of that in the absense of 
glycerol. 
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Figure 4. Ch aracteristics of purified DNA-PK. 
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D, Effect of single-standed DNA on DNA-PK activity. The kinase 
activity of purified DNA-PK was assayed using synthetic 
peptide as a substrate at 37°C for 10 min in the presence or 
absence of double-strand DNA (BamBI-digested pCY108 DNA) 
or single-strand DNA (M13 phage DNA) . Open and closed bar 
shows phosphorylation in the presence and absence of double­
strand DNA, while the concentration of single-strand DNA is 
indicated at the bottom. Activity is expressed as the 
percentage of maximum, i.e . that in the presence of 20ng/ jjl of 
double-stranded DNA and no single-stranded DNA. 
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Figure 4. Characteristics of purified DNA-PK. 
E, DNA-PK activity after preincubation with anti-Ku86 
serum AHP317. Purified DNA-PK was preincubated with 1 
rJ. of diluted AHP31 7 (Q ) or unimmunized rabbit serum 
(e ), on ice for 60 min, and assayed for kinase activity 
using synthetic peptide as a substrate at 37°C for 10 min 
with 20ng/ rJ. of sonicated salmon sperm DNA. Activity is 
expressed as the percentage of control, i.e. that after 
preincubation without serum, with the standard 
deviations of duplicate assays indicated by error bars. 
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Figure 5. SDS-PAGEpatterns and kinase activity of 
separated DNA-PKcs and Ku subunits. 
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A, SDS-PAGE patterns of 100 aliquot from each fraction after 
glycerol gradien t ultracentrifugation, visualized by silver staining. 
The p ositions of standard proteins with molecular masses are 
indicated at the top. B, The kinase activity of 20 aliquot from each 
fraction was assayed using synthetic peptide as a substrate in the 
presence (Q ) or absence (e ) of 20ng/ 0 of sonicated salmon sperm 
DNA at 37°C for 10 min. 
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Figure 6. The kinase activity of DNA-PKcs alone or 
combined with Ku subunits. 
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Zero to four~ of DNA-PKcs (fraction 5 of Figure 5) alone or 
combined with 0 to 4 ~of Ku (fraction 12 of Figure 5) was assayed 
using synthetic peptide as a subsu·ate at 37°C for 10 min with 20ng/ 
!!1 of sonicated salmon sperm DNA. 
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3.2. Hyperthermic lability of Ku subunits in DNA­

PK. 

3.2.1. Heat treatment of DNA-PK holoenzyme. 

In order to examine the hyperthermic stability of DNA-PK, 

protein ki nase activity was determined after preincubation of 

enzyme aliquots either at 370Cor a t 44oc. As shown in Fig.7, DNA­

PK activity was lost rapidly by incubation at 440C, whereas DNA­

PK incubated at 370Cmaintaines the similar level of act ivity. These 

results indicate that DNA-PK was sensitive to hyperthermia. 

Since DNA-PK is considered the critical enzyme in rep ai r 

and / or signa l transduction of radiation-induced DSB, it might be a 

possible mechanism that radiosensitization by hyperthermia might 

be mediated through labil ity of this enzyme. 

3.2.2. Heat treatment of separated subunits . 

DNA-PKcs and Ku were separately preincubated for 30 min at 

either 37°Cor at 440C. Then they were combined and assayed for 

protein kinase activity. The kinase a ctivity of 370C-incubated DNA­

PKcs mixed with 44°C-incubated Ku ranged from 25 to 55%, 

depending on purification preparation , of the control , i.e., 37oc. 

incub ated DNA-PKcs combined with 370C-incubated Ku (Fig.8 lanes 

2 and 1), whereas 440C- incubated DNA-PKcs plus 370C-incubated 

Ku exhibited similar activity to that of the control (Fig.8, l a nes 3 

and 1) . T h e kinase activi ty of 370C-incubated DNA-PKcs plus 440C­

incubated Ku and that of 440C-incubated DNA-PKcs plus 440C­

incubated Ku were simi lar (Fig.8. lanes 2 and 4). These result s 

indicate that Ku, but not DNA-PKcs, was sensitive to 440Ctreatment 
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a nd was responsible for h yperthermic instability of DNA-PK 

hol oe nzy me . 



0 ~--~-----L----~--~~--~----~--~ 
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Incubation Time (min) 

Figure 7 . DNA-PK holoenzyme activity after incubation 
either at 37 °C or at 44 °C. 
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Purified DNA-PK holoenzyme was incubated either at 3 7°C (0 ) or 
at 44°C (e ) for 5, 10, 20 or 30 min and 0 .5~ aliquots were assayed 
for protein kinase activity using synthetic peptide as a substrate at 
3 7°C for 10 min. Activity is expressed as the percentage of control 
without incubation and standard deviations of three experiments 
are shown with error bars. 
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Figure 8 . DNA-PK activity after heat treatment of separated 
subunits. 
DNA-PKcs (fraction 5 of Figure 5) and Ku (fraction 12 of Figure 5) 
were incubated separately either at 37°C or at44°C for 30 min. Two 
to four ~ each of p4 70 and Ku were then combined and assayed for 
protein kinase activity at 3 7°C for 10 min. Activity is expressed as 
the percentage of control, i.e., 37°C-incubated DNA-PKcs plus 37°C­
incubated Ku (lane 1), with standard deviations shown by error bars 
among two or three independent assays. Three independent 
purification preparations of DNA-PK (A, B and C) were separated 
and tested respectively. 
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3.3. Heat-stableness of DNA-PK and sma ll 

h y perthe•·mic radiosensitization in human cells 

compared to rodent cells. 

3.3.1. DNA-PK activity of heat-treat ed cells. 

To exami ne the hyperthermic stab ility of DNA-PK in side ce ll s, 

eight ce ll lin es were he at -treated at 440Cand assayed for DNA-PK 

activity in crude cell extracts. For this experiment, I modified 

" pull-down assay" by Finnie et al. (84) and devised a new protocol , 

here termed "e lectrophoretic resolution protocol ". Ac co rding to 

Finnie et al. (84), crude ce ll extract was mixed with DNA-cellulose 

and centrifuged prior to kinase reaction in order to concentr a te 

DNA-PK on DNA and to remo ve most protein kina cs other than 

D A-PK, most protein phosphatases and poss ible DNA-PK 

inh ibitor(s). Furthermore , to separate phosphoryl at ion of substrate 

peptide from that of cellular protein , the reaction mixture after 

kinase reaction was fractionated by SDS-PAGE, instead of spotting 

onto phosphocellulose paper as described by Finnie eta!. (R4). 

DNA-PK activity in rodent cells , V79 , FSA and FM3A , was 

decreased by hyperthermia within 60 min (Fig.9 and Fig.1LA) , but 

not in human cells, MOLT-4, U937 , HL60, MKN-45 and A7 (Fig.1U 

and Fig.llA). These human cells retained more than 40 % of DNA­

PK activity even after lon ger heat treatment , i.e. for 120 or 180 

min (Fig.10 and Fig.11B). These results suggest th a t D A-PK might 

be more stable to hyperthermia in human cells than in rodent cells. 

Fig.l2 shows the clonogenic surviva l of cell lines after 44°C­

tr ea tment. Two human cells, MKN-45 and A7 were much mor e 

resistant to hyperthermia than rodent cells , whereas MOLT-4 , U937 

and HL60 showed comparable hyperthermi a sensitivity to rodent 
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cells. Thus DNA-PK might be generally heat-stable in human cells 

regardless of a large difference in hyperthermia sensitivity. 

3 .3.2. X-ray sensitivity of heat-treated cells. 

Regarding the heat-stableness of D A-PK in human ce lls . 

human cells might be refractory to hyperthermic radiosensiti zatio n 

if hyperthermic radiosensitization might be mediated through 

hyperthermic lability DNA-PK. To test this , rodent V79 and human 

MOLT-4 a nd A 7 cells were assayed for ch rono genic survival after 

hyperthermia fo ll owed by X-ray irradiation. Though 

racliosensitization b y hyperthermia was observed in all. three cell s, 

thermal enhancement ratio (TER) was smaller in human MOLT-4 

and A 7 cells than in rodent V79 cells (Fig.l3, Table4). These results 

indicate that human cells, compared to rodent cells, arc refractory 

to hyperthermic radiosensitization possibly due to heat-stableness 

of DNA-PK. 
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A. V79 cells 
1 2 3 4 5 6 7 8 

44"C (min) 0 0 20 20 40 40 60 60 
Peptide p53-#15 + - + + + -

} 
Phosphorylation 
pmol 
%control 100 - 21 -

Figure 9. DNA-PK activity of hyperthermia-treated 
rodent cells. 

~ 

Crude extract of cells after incubation at 44°C for indicated 
time was prepared and aliquot containing SOf.lg protein was 
used for kinase assay by electrophoretic resolution protocol. 
The kinase reaction mixture was separated through SDS-PAGE 
followed by analysis of phosphor image using BAS2000. 
Quantity of phosphorylated products are shown at the 
bottom. Arrow heads and asterisks indicate spots of 
phosphorylated peptide p53-# 1S or endogeneous proteins, 
respectively. 
A, Y79 cells. 
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B. FM3A Cior-3 cells 

44'C (min) 
Peptide p53-#15 

Phosphorylation 

1 2 3 4 5 6 7 8 
0 0 20 20 40 40 60 60 
+ - + - + - + 

pmol 3.40 - 0.58 - 0.54 - 0.39 -
% control 100 - 17 - 16 - 12 -

Figure 9. DNA-PK activity of hyperthermia-treated 
rodent cells . 
B, FM3A Cior-3 cells. 
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C. FSA cells 

44'C (min) 
Peptide p53-#15 

Phosphorylation 

1 2 3 4 5 6 7 8 
0 0 20 20 40 40 60 60 
+ - + + + 

pmol 5.59 - 0.78 - 0.42- 0.69 -
%control 100 - 14 - 7.5 - 12 -

} 

Figure 9. DNA-PK activity of hyperthermia-treated 
rodent cells. 
c, FSA cells. 
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A. MOLT-4 cells 

44'C (min) 
Peptide p53-#15 

12 345678 
0 0 20 20 40 40 60 60 
+ + + + -

Phosphorylation ~~---------
pmol 24.0 - 34.4 - 29.2 - 27.7 • 
% control 1 oo · 144 - 122 · 116 · 

12 345678 
44'C (min) o o 60 60120120180180 
Peptide p53-#15 + - + - + - + 

Phosphorylation --=-~--=-=--:-----::-=-:::----:--:-=-
pmol 
%control 

Figure 10. DNA-PK activity of hyperthermia­
treated human cells. 
Experiments were carried out as described in Figure 9 
legend on page 39 except that crude cell extract containing 
15fl.g protein, instead of SOfl.g, was used for kinase assay. 
Qu antity of phosphorylated products are shown at the 
bottom. Arrow heads and asterisks indicate spots of 
phosphorylated peptide p53-# 15 or endogeneous proteins, 
respectively. 
A, MOLT-4 cells. 
(Upper) 0 to 60 min of 44°C-treatment. 
(Lower) 0 to 180 min of 44°C-treatment. 
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B. HL60 cells 

44'C (min) 
Peptide p53·#15 

12 345678 
0 0 20 20 40 40 60 60 
+ + ·+·+· 

2 345678 
44'C (min) o 0 60 60 120 120180180 
Peptide p53-#15 + • + • + - + • 

Phosphorylation ...,.-:;:;-;;--.,.-;~---,-.:-::-..---:::--=.---­
pmol 
%control 

Figure 10. DNA-PK activity of hyperthermia­
treated human cells. 
B, HL60 cells. 
(Upper) 0 to 60 min of 44°C-treatment. 
(Lower) 0 to 180 min 44°C-treatment. 
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C. U937 cells 
1 2 3 45 6 7 8 

44't: (min) o o 20 20 40 40 60 60 
Peptide p53-#15 + • + • + • + -

Phosphorylation ~~-.:...;,;..~-:-:=-=--~....,-­
pmol 
%control 

12345678 
44't: (min) o o 60 60120120180180 
Peptide p53-#15 + - + - + - + • 

Phosphorylat ion 
pmol 10.8 - 12.4 - 10.4 - 7.53 -
%control 100 - 115 - 97 - 70 -

Figure 10. DNA-PK activity of hyperthermia­
treated h uman cells. 
C, U937 cells. 
(Upper) 0 to 60 min of 44°C-treatment. 
(Lower) 0 to 180 min 44°C-treatment. 
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D. MKN45 cells 

44"C (min) 
Peptide p53-#15 

Phosphorylation 
pmol 
%control 

44"C (min) 
Peptide p53-#15 

12 345678 
0 0 20 20 40 40 60 60 
+- +-+ +-

27.1 - 35.9 - 26.0 - 23.6 -
1 00 - 132 - 96 - 87 -

12 345678 
0 0 60 60120120180180 
+ +-+-+-

Phosphorylation --=--'-"'""'""'-------
pmol 33.1 - 28.5 - 30.1 - 34.1 -
%control 100 - 86 - 91 - 103 -

Figure 10. DNA-PK activity of hyperthermia­
treated human cells. 
D, MKN-45 cells. 
(Upper) 0 to 60 min of 44°C-treatment. 
(Lower) 0 to 180 min 44°C-treatment. 

45 

* 



E. A7 cells 

44'C (min) 
Peptide p53-#15 

12 345678 
0 0 20 20 40 40 60 60 
+ - + + - + 

Phosphorylation ----------­
pmol 
%control 

44'C (min) 
Peptide p53-#15 

5 .69 - 8.12 " 6.94 - 7.37 -
1 00 " 142 - 121 - 130 -

12 345678 
0 0 60 60120120180180 
+ - + + - + 

Phosphorylation -----------
pmol 5.25 - 5.28 - 4.22 - 8.13 -
%control 100 - 102 - 81 - 156 -

Figure 10. DNA-PK activity of hyperthermia­
treated human cells. 
E, A7 cells. 
(Upper) 0 to 60 min of 44°C-treatment. 
(Lower) 0 to 180 min 44°C-treatment. 
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Figure 11. Summary of Figure 9 and 10. 
DNA-PK activity of human and roden t cells after 44°C­
hyperthermia for 0 to 60 min (A) or for 0 to 180 min (B) 
were determined as shown in Fig.3-1 and Fig.3-2. The kinase 
activity is shown as the percentage of unheated control, 
representing the mean of two or more repeated experiments 
with standard deviations shown by error bars. 
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indicated length of time were determined by colony 
formation assay. 
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Table 4. Cell survival, DNA-PK activity and X-ray sensitivity of 
by pe rtherm i a- tt·c a ted V79, MOLT-4 and A7 cells. 

Cell 44oC Surviving D A-PK D1o TER 

he ati ng fraction activity 

(min) (%control) 

V79 0 100 8.4 

20 0.44 114 3.9 2.1 

40 0.067 64 2 .1 4.1 

60 0.0 071 27 1.3 6.5 

MOLT-4 0 100 1.1 1 

20 0.34 118 0.73 1.5 

40 0.072 93 0.70 1.6 

60 0.018 91 0 .57 2.0 

A7 0 1 100 7.2 1 

60 0. 72 98 4.0 1 .8 

120 0.34 85 3.6 2.0 

X-ray dose-survival curves were fitted to line a r-qu adratic (LQ) model 

equat ion, S.F. = exp(- aD-j3IJ2) , by minimal square method as ca lcul ated by 

softwa re "Kaleidagraph". D1o, the X-ray dose giving 10 % survival, was 

calculated from the fitted LQ equation. Thermal enhancement ratio (TER) is 

calc ul a ted as D1o of unheated cells divided by that of heated cells . 
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4.1. A possible mechanism for hyperthermic 

radiosensitization mediated through hyperthermic 

lability of Ku subunits in DNA-PK. 

fn this s tudy , DNA-PK, an enzyme which is implicated in th e 

repair and / or signal tr a nsduction of DNA double-strand br ea k , from 

human leukemic MOLT- 4 ce ll s was purified a nd charac terized. 

DNA -PK purified from MOLT- 4 cells were s imilar to th a t from HcLa 

or Raji ce ll s. The new finding in this study is that DNA-PK is labi le 

at 440C a nd that Ku , but not DNA-PKcs, is r espons ibl e for th e 

hyperthermic lability. During this study, Borgm a nn e t al. ( 10 8) and 

Ih ara ct al. (109) showed that DNA-PK in rodent cells w as 

decreased by hyperthermia due to Ku, but not to DNA-PKcs. 

Additionally , hyperthermic lability of Ku in cell is a lso indicated by 

its identification as constitutive he at-shock element binding factor , 

CHBF, that is down regul ate d following hyperthermia (110) . These 

results give a n ew insight into the mech a nism of hyperthermic 

rad iosens i ti za t ion. 

As there are l ines of evidence (100 , 101, 102 , 103) indicating 

that unrepaired DNA double-strand breaks are critical for radiation 

induced cell killing and that hyperthermia inhibits rejoining of 

single- or double-strand breaks , potentially leth a l dam age repair 

(PLDR) a nd s ubleth al damage repair (SLDR), hyperthermic 

radiosensitization may be considered as a consequence of 

inactivation of these repair enzymes. Rega rding this a nd S phase 

se nsitivity of cu ltured cells to heat , hyperthermic sensitivity of DNA 

polymerases has been extensively studied . Especially DNA 

polymerase~ was sensitive to hyperthermia and its inactivation 

was correlated to thermal ce ll killing and ra diosensiti zation (111). 

R ecen t studies showed that DNA-PK deficient cells , such as sc id and 
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xrs, ex hibi t high radiosensitivity and impared double-strand break 

repair (DSBR) an d PLDR (20, 11 2-114). indicating an important role 

of DNA-P K in t h e processes of radiation-induced DNA damage 

rep a ir. Thus , it might be a possibl e mec hanism that hyperth e rmic 

radiosensitization is mediated through heat lability of Ku sub un its 

of DNA -PK suppressing r adiation damage rep ai r. [n support of this 

ide a, there is an evidence th at hyperthermic radiosensiti zat ion is 

s maller in Ku86-d efec ti ve xrs ce ll s th an parenta l ce lls (102). 

The repair mech a ni s m and processes of double-strand DNA 

breaks invol.ving DNA-PK a rc not well clarified in molecu lar terms. 

DNA-PK is supposed to bind to t h e end of DNA double-strand 

breaks, to phosphorylate re pair e nzymes, suc h as XRCC4/DNA li gase 

JV complex, controlling their activity and locali za tion a nd to protect 

DNA e nds from nucle ase dige s tion (39) . DNA-PK may h ave 

add ition a l roles in signal transduction related to a pop tosis or ce ll 

cyc le regulation, since p53 (11 , 12), RPA (13 , 14) and c- M yc (51) 

are a lso reported as possible s ub strates. Thus , h ype rth erm i a ma y 

in ac tivate repair enzyme(s) for double-strand breaks, enhance DNA 

degradation a t the DNA break site o r modify cellular r esponses by 

intervening signal tr ans du ct ion . 

However , DNA-PK in ac tivati o n might not be so lely responsible 

for hyperthermic radios ensitization , since MOLT-4 and A7 cells 

were radiosensitized withou t significant decrease in DNA-PK 

ac tivit y. Addition a lly, lliaki s eta!. show ed that hyperthermic 

radiosensitization is also evident in Ku 86 -de f icieot cel ls, t hou gh le ss 

evident th a n in parenta l cells (102). Additional me c ha nisms for 

hyp er thermic ra dio se ns itiz a tion might be mediated t hrou gh 

in activation of some DNA r epai r factor other th an DNA-PK or 

prefc rencial killing by h y p ert hermi a of r a d io resistant S-phase cells. 
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4.2. A possible explanation for small hyperthermi c 

radiosensitization in human cells with regard to 

heat-stableness of DNA-PK. 

In the third part of this thesis, 1 showed that DNA-PK is found 

more heat -stable in human cells than in rodent cells and 

hypeth e rmic radiosensitization is smaller in human MOLT-4 or A7 

than in rodent Y79 cells. Roizin-Towle et al. (115) showed that 

therm a l enhancement ratio (TER) is larger for four tested rodent 

cells than for eight tested human cells tested. Regarding the critical 

import ance of DNA-PK in the repair or signal transduction of 

radiation-induced DSBs, sma ll e r TER in human ce ll s than in rodent 

cells might be due to h eat-s tableness of DNA-PK activity. 

Th e basis of the heat -stab leness of DNA-PK in human cells is 

currently elusive. One possibility is that human DNA-PK per se is 

heat-stable. However, this might not be lik e ly, s in ce hum an DNA­

PK purified fro m MOLT-4 ce ll s is heat-labile. Another possibi lit y is 

that hum a n cells ha ve some mechanism protecting DNA-PK from 

hyperthermic inactivation. Regarding thi s, there a re line s of 

evidence indicating th at human cells are generally more heat­

resistant th an rodent cells (115-119). In this st ud y, MKN-45 and 

A7 , were found much more heat-resistant than rodent cell s, while 

he a t-sensitivity of MOLT-4, HL60 a nd U937 were comparable to 

rodent cells. Since MOLT-4, HL60 and U937 are lymph atic origin, 

human cells of this origin might be especially beat-sensitive 

compared to those of other origin. Nontheless DNA-PK in these cells 

a re s imilarly heat-stable to heat-resistant MKN-45 and A 7 cells, 

indicat in g that he at-stab leness of DNA-PK is intrinsic to human 

ce lls. It is intriguing whether heat-stablen ess in human ce ll is 
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specific to DNA-PK or applicable to other proteins or enzymes. 

Rega rding this, DNA polymcrases u and ~are shown to be more 

b eat-stable in human glioma cells than in rodent CHOcclls (118) . 

4.3. Perspectives. 

Here r showed evidence that DNA-PK is labi le at 440Cciu c to 

lability of Ku subunits and DNA-PK in human cell is heat -s table 

compared to that in rodent cells. On the basis of these results, 

proposed as a possble mecha ni sm that hyperthermic 

radiosensitization might be at least partially mediated through th e 

heat lab ility of DNA-PK and that smaller hyperthermic 

radioscn sit izing effect in human ce ll s compared to rod e nt cells 

might be due to beat-stableness of DNA-PK. Though it is well 

established that hyperth e rmi a inhibits DSB rejoining in rodent cells, 

it should be compared to that in human cells. Additionally, since 

DNA-PK is thought to phosphorylate proteins including XRCC4/ DNA 

ligase IV, p53 and RPA, it s hould be exami ned whether 

hyperthermia may inhibit radiation-induced phosphorylation of 

these proteins and inhibition might be allevi a ted in human ce ll s 

compared to rodent cells. 
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