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sm: The extent of the deficiency in y-ray induced DNA I tir synthesis 
ztaxia telangiectasia (AT) human fibroblaststrainwas mid to shm 
m oxygen enhancanent, consistentwith adefectin the repai If base dmage. 
Repair deficiency, but mt repair proficiency, in AT cells w acampaniedby 
a lack of inhibition of DNA synthesis (repliam initiation) either y-rays 
or the r-tic drug bleanycin. Experiments with 4-niti uinoline l-oxide 
indicated that lack of inhibition was specific for radicg& type damage. 
Thus excision repair, perhaps by DNA strand incision or chn &in modification, 
appears to halt replicon initiation in irradiated repair pr icient cells 
whereas in repair defective AT strains this putatively imps ant biological 
function is inoperative. 

IMIEODDCTION 

Ataxia telangiectasia (AT) iS a IWltiSyStEYII disorder .man (for review 

see ref. 1). Affectedindividualsarecancecproneauda ) shmstriking 

clinical hypersensitivity to conventional radiotherapy a&..nistered for the 

treatment of malignancies . In keepingwith the clinical findings, AT fibro- 

blasts dmmstrate consistent hypersensitivity in vitro to ionizing radiation, -- 

as measured by reduced colony forming ability (2,3) and enhanced frequencies 

of chramsane aberrations (4) relative to nonnal fibroblasts. AT cells also 

showhypersensitivity to rXWdmagingche-&als (1) wfiichhave radianimetic 

[e.g. the antibiotic blemycin, (5,6)]or partially radianimetic properties 

[e.g. 4-nitrcquiaoline l-oxide, 4NQ0, (1,7)]. 

A molecular basis for the radiosensitivity of sore AT strains has been 

ascribed to the slow rmoval of radiogenic DNA base or sugar damage assayed 

by its sensitivity to incising activities present in crude extracts of 
ABEmmATIONS: AT, ataxiatelaugiectasia; 4NQ0, 4nitmguinolinel-oxide; 
ex& and exr-,excision repair proficient and deficient; PBS, phosphate 
buffered saline; DE unscheduled tNA synthesis. 
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Micrococcus luteus cells (1,8). Defective excision repair in AT is associated 

with reduced levels of hypoxic y-ray induced repair synthesis (1,3,8,9). 

Howevs, no consistentINarepai.rdefecthas been found in all AT strains 

despite their relatively uniform sensitivity to imizing radiation. Since 

AT strains shmgeneticheterogeneityintheir respmses tocheinicals,which 

inducearelativelyrmrenarrmspectrunoflesions in cellular ENA, it has 

been proposed (1) that different LE?A repair defects in AT can lead to uniform 

radiosensitivity because of the wide spectnm of potentially lethal DNA lesions 

induced by ionizing radiation. 

Herewa have examin& the possibility that the inhibitiryactionof ENA 

dmage on de novo IE?A synthesis may be a criticalmlecular ananaly in AT cells. -- 

The inhibition of DNA synthesis was measured in both excisicm repair proficient 

(exr+) and excision repair defective (exr-) AT strains as classified on the 

basis of y-ray induced repair synthesis. 

Cel1strainsandCellCultuze: Curexperimntswereamductedwithfive 
diploid fibroblasts strain derived fran skin biopsies of hunan (three normal 
and five AT) donors. l'Woftba normalmntrolstrains,GM 38 (9 yrold 
female) and CM 498 (3 yr oldmale), were purchased frun the Hunan Genetic 
ElutantcellRepository,Institutefca:~icalResearch,c=ianden,NT,~lethe 
third control strain, 265UI (46 yroldmale),was obtained franMeloy Labora- 
tories, Springfield, VA. One AT strain, AT2BE (CRL 1343, 7 yr old female 
patient), was pvrchased fran tbaIImericanTypeNtureCollecticn, FWkville, 
MD, andthesmmdATstrain,AT4BI (6yroldmalepatient) waskindly supplied 
by Dr. A.M.R. Taylor, University of Bimunghan, Binninghan, U.K. The prooedures 
used in themanipulationof fibroblastmoraolayercultureshavebeendescribed 
in detail previously (3). 

Measmenentof UnscheduledDJASynthesis (UES): UUS is an autoradicgraphic 
measureof the~eofradioactive~precursorsbynon-Sphase cells as a 
ccm~ceof repair processes. Fibroblastsware plated at approximately 
4 x 10 cells per 9 an dimeter plastic Petri dish (Lux Scientific Corp., 
NewburyPark,CA) eachcontaining sixplastic 25mndimeterThemanoxoover- 
slips (Lux). Followingan18-hr incubation period, cells undergoing semi- 
conservative INA replication, were labelled by incubation for 1 hr in medim 
containing 10 uCi ml-1 [methyl-3H] thymidine (stock specific activity, 41 Ci 
lmo1-4. cultures~ethenwashedwithphosphatebufferedsaline (PEW and 
irradiated (rtml PBS perdi~h,maintainedonice) with 50krad60Coy-rays 
at a dose rate of 15-17 krd nun-l, using a Gammell220unit(AtmicRnergy 
ofCanadaLimitXd,cmawa,Canada). Irradiationswsrecarriedoutinequilib- 
riunwithairorunderhypoxicconditims achievedbypassinga streamofN2 
gas (99.8% pure, <lO ppn 02; Air Products, BrampWn, Qltario, Cauada) over 
the surface of the plate for 15 min prior to and during irradiation. Irradiated 
andsham-irradiatedcontrolcoverslipcultures~ethenincubatedinmedium 
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containing 10 PCi ml -1 [methyl-~] thymidine (stock specific activity 41 Ci 
-1-l) for periods up to 6 hr. Cells on the coverslipswerewashed inPBS 
and fixed in 3:lmethanol:acetic acid mixture. Stainedpreparationswere 
dip-coated in nuclear track fsnulsion (Nl?B-2; Kodak Canada Inc, Toronto, 
Canada) foil- by an exposure period of 17 days. 

Measurementof DNASynthesis Inhibit&m: Cells~.~eculturedin 6anplastic 
dishes (s2 x 102 cells per dish at time of treatment), incubated for 18 hr 
in medium alntaining 0.4 UC ml-l [methylJ4C] thyfnidine (stock specific 
activity,40.8 mCi mmol-l) and incubated for an additional 1 hr in growth 
lgjdi". The cultureswere treatedin one of threeways: i) Exposed tooxic 

Co y-rays (using Ganmabe~15OC; AtanicEnergyof CanadaLimited) atvarious 
dose rates for anisoexposureperiodof 500 set duringwhich eachdish (con- 
taining 2 ml PBS) was held atzmbienttemperature; ii) Exposed forlhr at 
37OC to various concentrations of blwcin sulphate (Sigma Chenical Ccmpany, 
St. Louis,MO,) in culturemedimlacking serunb~tsupplenentedwith10Ml 
Hepes buffer; (iii) Exposed to various concentrations of 4NC0 (K&K Laboratories, 
Plainview, NY) under the same conditions as for blecmycin. Following treat- 
mentor sham-treatment, the culture mewas ed and incubated forlhr in 
growthdim containing10 -s 9 
activity 52.2 Ci rs~-&-~). 

VCiml [methyl- H] thymidine (stock specific 
At given ti~achculturewaswa.shedwithPBS 

and 1 ml lysis solution added [1.5 gm 4-aninosalicylic acid-sodium salt (BDH 
Chemicals Ltd., Poole, Eng-land), 0.25 gm tri-iso-propylnaphthalene sulphonic 
acid-sodium salt (Eastian Kodak Co., Rochester, NY), 1.5 ml 2-butanol, and 
23.5 ml distilled water]. DNA in lysate sanples was precipitated in ice-cold 
10% 'ICA and collected on Whatman GF/C filters for liquid scintillation counting 

~!$&+4 
luene-Scintiprep 2 (Fisher Scientific, Toronto, Canada). Radioactivity 

Cchannelswascorr&ed forbackgroundandsp' l-over, andvalues 
expressed as disintegrations perminute. 3 ia The ratio of H/ C values for 
treated andthe correspondinguntreated s~lewastaken as ameasureof 
the inhibition of DNA synthesis. 

RESULTS 

1. Ganna-ray Induced UES Although y-ray induced repair synthesis has been 

measured previously in AT cells (3,8,9) the kinetics of the process and the 

effect of oxygenation conditions during irradiation have not been reported. 

(a) Hypoxic Conditions: Fig. 1 ampares the induction of UDS by 50 krad 

hypoxic y-radiation [a non-saturating dose for repair synthesis, (3,8,9)] in 

normal and AT fibroblasts. In all strains the majority of UE is expressed 

by the 2-4 hr period following irradiation. It is clear frcrn the data that 

AT2BE is UIX defective (i.e. exr-) whereas AT4BI expresses UES levels similar 

to those in the three normal strains and is therefore UDS proficient (i.e. -+). 

(b) Oxic Conditions: Fig. 2 gives the results of the same experimental 

protocol as in Fig. 1 but performed under oxic irradiation conditions. The 

kinetics for repair synthesis are similar to thoseunder hypoxic conditions 

with themajorityofuDs beingexpressedwithin the first four ~XWX. The 
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Fig. 1 Hypcocic y-ray (50 krad) induced ULZS in rxmmal (0, @l 38; 0, CM 498; 
A , 2656) andAT (0, A!C?BFi; A, ILT4BI) cells. Backgraundcorrected 
IlEangTain counts for 50 IYm-S phase nuclei (SE (10%). 

Fig. 2 Oxic y-ray (50 krad) induced UIX in normal and AT cells. See Fig. 1 
for symbols and details, 

results clearly dewnstrate the repair deficiency of AT2BE and the repair 

proficiency of ATIBI. OxiaelevatesUC6levels in allstrainswithmean 

oxyga enhancenent ratios, calculated fran mean grain counts of the four 

crmbined time @r&s, being; 1.6 + 0.2 (ccmbined no&s), 1.7 + 0.2 (ATQBI) - 

and 2.6 5 0.2 (AT2BE). The significantly higher (pcO.01) oxygen enhancement 

ratio for AT2BE ccmpared to all other strains exzmuned is indicative of the 

proportionally grater repair deficiency under hrpoxic axqared to oxic 

conditions. However, itcanbecalculated, bycr&ining alltimapoints for 

AT2BE or the three annals, that the absolute repair deficiency shwn by AT2BE 

is the sama under oxic (7.5 + 0.7 grains per nucleus) or hypoxic (7.5 + 1.3 - - 

grains pr nucleus) irradiation conditions. 

2. Inhibition of DNA Synthesis 

(a) Oxic y-radiation: Fig. 3 shows that oxic y-radiation inhibits DNA 

synthesis to acrmparableextentinkothanonnal strain (GM 38) and theexr+ 

AT strain (AT4BI) (65-70% of control level at 1500 i-ad). The exr- strain 

(AT2BE) howaver a-s essentially refractory to radicqenic inhibition (90- 

95% of control levels at 1500 rad). The inhibition curve for normal cells is 
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Fig. 3 

Fig. 4 

Oxic y-ray induced inhibition of CNA synthesis measmad asinmrpara- 
tionof tritiated thymidine in treatecla&zures relative to controls. 
~~tcontrolINAsynthesisiscalculatedfromtheratioof3H/14C 
values for treatedanduntreated cultures (seeMaterialsandPk&mds). 
O,GM38;.,W;~,RMBI. Eachpointrepresentstherrean 
of at least tm deteminatims (SE 2 10%). 

Bleunycin induced inhibition of CNA synthesis. See Fig. 3 and 
MaterialsandMeHmis for details. 

biphasic, as reported for other mnnalian cells [for reviews see (10) and (1111, 

with an initially steep cuqxment up to 500 rad follcx& by a shallow aqonent 

which falls to only 30% of control levels at 50 krad (data not shmn). AT2BE 

appears to be resistant with respect to the initial steep canponent of the 

inhibition curve. 

(b) Blemycin: Fig. 4 shms thatbleanycinhas qualitatively the same 

effectasionizingradiation. AT2BE skws resistance to the inhibitory effects 

of the drug only in the initial axqzonmt of the biphasic resmse, while the 

responseofm4BIisvery similar to thatofthenormal strain (Gl38). 

(c) 4NQo: Fig. 5 indicates that4Wis apotent inhibitirofm 

synthesis. All three strains exanined shmzdsimilarlevelsof inhibitian 

Of IXIA synthesis. 

DISCUS!XoN 

‘I’hk Stl& reports the sensitivity of de novo INA synthesis &) inhibition -- 

byvarious agmts, i.nttJDATfihroblast~tmin~eachof differentmrepair 
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Fig. 5 

l(N(IO CONCENTRATION [,Ml 

4NQ3 induced inhibitionof CNAsynthesis. SeeFig. 3 andMaterials 
andMet.irdsfar&tails. 

capacity with respect to radiogenic danage. Therepair synthesisexperiments 

indicate that in an exr- AT strain (AT2BE) the absolute repair deficiency 

was the sme under oxic or hypoxic irradiation conditions. This finding is in 

keepingwithprevious reports thatce.rtainAT strains aredefective in the repair 

of ENA base (or sugar) dmage (1,8,9), since the frequency of this class of 

lesions,unlike~stramIbreaks, is mtappreciablyaffectedbyoxygenation 

amditions during y-irradiation (12). Fmthenmre, we have observed that 

repair deficiency imparts resistance to the inhibitory effects of y-radiation 

on de nova tNA synthesis. I&&tame to inhibition was expressed in the -- 

initial steep aqmnentof the biphasic dose reqmse curve. Thisisinter- 

preted as resistance to the radiogenic inhibition of replioon initiation 

(13,14,15). 

Theradicmime tic drug blemycin similarly yields a biphasic inhibition 

curve for IXA syntbzis in nom1 ard AT cells, with ATZBE cells again showing 

resistance with respect to the initial steep ampment. Failure to shm 

inhibition appears to be related to the repair capacity for radiogenic or 

"ionizing radiation-like" DNA damage, since normal levels of inhibitionoccur 

in 4NQo treated AT2BE cells. 4NQo is primarily a "W-miN&ic" DNA danaging 
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agent, in the type of repair pathways which handle the majority of DNA lesicms 

generated (16), and AT cells show normal repair capacities for both W (1,8) 

and "W-like" 4NQo induced DJA &age (7). 

~~thionizing radiation tibleanycin induce CNAsinqle anddouble strand 

breaks and it is these lesions which are thought to act as blocks to repliaon 

initiation (17). Hmever, AT strains shaw normal levels for induction and 

repair of strand breaks (including alkali-labile lesions) induced by ionizing 

radiation (2,8,18,19) or blecanycin (5,19). Moreover, replicon behaviour is 

normal in unirradiated repair proficient and deficient AT strains (20). 

Since resistance to inhibition of !XA synthesis appears to be associated 

with the exr- phenotype in AT, we suggest that t&m principles are in operation. 

Firstly, the inhibitory action of ionizing radiation on replicon initiation 

in normal cells is due to a &ined action of radiogenic INA strand breaks 

and enzymatic DNA incisions which arise during the nom-al course of excision 

repair of base dmage. Secondly, m- AT cells (e.g. ATBE) have reduced 

capacities for the enzymatic repair of base (or sugar) damage and ConsequenELy 

display reduced radiogenic inhibition of replicon initiation. 

It has been suggested (10,17,21) that changes in higher orders of chranatin 

structure may influence repliam initiation events. Thus it is conceivable 

that certain AT cells are defective in lesion recognition functions which 

mdify chranatin structure to pennit the action of excision repair enzymes 

(which may therefore be present at nomal intracellular levels in AT cells). 

In normal cells such lesion recognition steps muld act to halt replimn 

initiation and consequmtly the t-late activity of damaqed CNA, whereas in 

a- AT cells this mode of inhibition of replicon initiatioi would beinefficient. 

Itisunlikely thatchramtin structuxeper seis different in unirradiated AT -- 

cells since ithasbeeu reportedthatbleanycin shcrws similardegradative 

properties (19,22) towards chranatin fran AT and normal cells despite its 

preferential action on internucleoscmal LNA (23). 

Althouqh this study provides no evidence of a direct axrelation between 

cellular sensitivity and the inhibition of DNA synthesis in AT cells,the 
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premature replication of danaged UNA in exr- AT cells may exacerbate the dele- 

terious action of unrepaired CRIA dmaye, We have previously suggested (1) 

that~'ATstrains~yhavecurrentlyundetectedDNArepairdefectsand 

sme exr+ strains may therefore shm ananalies in DNA synthesis following 

y-irradiation depending CBI the nature of the defect and the critical lesions 

involved. Consequently CRIAsynthesis patternsmaybe usefulmarkers in the 

studyofgeneticheterogeneity inbothexr-andexr+ strains. Fur#emxe, 

since AT cells appear to suffer less X-ray induced mitotic delay than mrmal 

cells (24), initial excision repair events may also act to delay cell-cycle 

progression in nomal cells, whereas certain AT cells would express reduced 

radiogenic cell-cycle delay and therefore a reduced pre-mitotic repair period. 

A putative defect in chramtin-associated functions which control cell-cycle 

progression may be etiologically involved in aberrant embryonic differentiation 

and predisposition to lymphoreticular neoplasia which characterize AT (1). 

This work is partially supported by U.S. NC1 Contract ml-CP-81002 with 
theclinical Epidemiology Branch, NCI, Bethesda,Maryland. We are grateful 
for theexperttechnicalassistanceof UeborahDevlin and toDr. N.E. Gentner 
for helpful canmen~ on the manuscript. 
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