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Quarterly Progress Report 

NRC Grant 04 95 086 

Period covered by this report: April 1, 1996 through June 30, 1996 

Activity supported: Scientific Committee 1-6 on Linearity of Dose 

Response 

Total funding: FY 1996 $75,000 

Program outlays to March 31, 1996: $28,694.78 

Funds remaining as of April 1, 1996: $46,305.22 

Performance period: October 1, 1995 to September 30, 1996. An 

additional $75,000 is expected to be made 

available for FY 1997 and for FY 1998, 
respectively.  

Narrative: 

Scientific Committee 1-6 conducted its second meeting on May 30, 1996. All members 

and the advisor were in attendance except for R.B. Painter who was unable to attend 

due to family illness. Prior to this meeting, detailed outlines were circulated in 

preparation for the meeting. These outlines were discussed and critiqued at the May 

meeting.  

The general draft outline at this time is as follows: 

Section Drafter Comment

1. Introduction 

2. DNA Repair and Processing 
after Low Doses and Low Dose 
Rates of Ionizing Radiation 

3. Mutagenic Effects 

4. Chromosome Aberrations

Upton 

Painter 

Liber 
Kronenberg 

Preston 
Adelstein

To be written later 

Outline attached 

Outline attached 

Outline attached



5. Oncogenic Transformation Hall Outline attached 

In Vitro Brenner 

6. Carcinogenic Effects on Clifton Outline attached 

Laboratory Animals 'Upton 

7. Carcinogenic Effects on Shore Outline attached 

Human Populations Finch 

8. Interpretation of Adaptive Committee To be drafted later 

Responses 

9. Conclusions Committee To be drafted later 

The NCRP in conjunction with the work of Scientific Committee 1-6 has forwarded a 

note entitled "NCRP Call for Scientific Data" to several scientific journals asking that 

it be published. This note and the list of journals this note was sent to is attached to 

this quarterly report.  

At the next meeting of Scientific Committee 1-6, which is scheduled for November 

1996, the Committee expects to address the question of conducting a scientific 

hearing regarding the shape of the dose response curve at low doses. The Committee 

membership have been asked by the chairman to provide names of individuals from 

whom varying views regarding the shape of the dose response curve, or lack there of, 

would be expected and who would be willing to support their views with references 

from the peer reviewed scientific literature. If the Committee decides to pursue this 

alternative, means of publishing these papers outside of the Committee's report 

would most likely be sought.  

The membership of Scientific Committee 1-6 is as follows: 

Chairman: Upton, A.C. Liber, H.  

Adelstein, S.J. Painter, R.B.  

Brenner, D. Preston, R.J.  

Clifton, K.H. Shore, R.  

Finch, S.C. Advisor: Kronenberg, A.  

Hall, E.J. NCRP Staff: Beckner, W.M.
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NCRP Subcommittee 1-6 Linearity of Dose Response 

2.0 DNA REPAIR AND PROCESSING AFTER LOW DOSES AND LOW DOSE RATES OF 

IONIZING RADIATION 

2.1 Ionizing radiation-induced DNA lesions and their repair 

2.1.1 Repair of base damage and base loss 

(i) N-glycosylases 
(ii) Apurinic and apyrimidinic site endonucleases 

(review by Demple and Harrison, 1994) 

2.1.2 Repair of single strand breaks (ssb). This process may not be so simple as 

generally assumed. Nearly all results have been based on experiments with 

DNA irradiated in solution. However, the the kinds of ssb formed inside 

irradiated cells, although not well characterized, differ from those formed 

in solutions of DNA.  

2.1.3 Repair of double strand breaks 
(a) by ligation 
(b) by recombination 
(Review by Jeggo, Taccioli and Jackson, 1995) 

2.1.4 Repair of DNA-protein crosslinks 
(Review by Oleinick, et al, 1990) 

2.1.5 Repair of complex DNA damage (local multiply damaged sites [lmds]) 

The repair of these (hypothetical) lesions is probably very complicated and 

may lead to a high frequency of misrepair. The frequency of their 

formation probably increases with increasing LET.  

The formation of all the above DNA lesions is a simple linear function of dose at all 

dose rates and at all doses in the radiobiological range; presumably the 

probability of misrepair is a constant in all cases. DNA damage is the initiator of 

all consequent radiobiological effects, and misrepair of this damage is the cause of 

chromosomal aberrations, mutation , and radiation-induced cancer. At 

radiobiological doses and in the absence of complicating factors (such as cell cycle 

delays), however, neither the rate of induction of DNA damages nor the rate of 

their repair will cause deviations from linearity in the dose response. Therefore 

the discussion of DNA damage and repair in the report should not be extensive.  

2.1.6 Mismatch repair (defective in nonpolyposis colorectal cancer, in some 

sporadic colon cancers, and in some other cancers). This repair system 

corrects mismatches formed during normal semiconservative DNA 

synthesis. Because extra mismatches may be induced behind the growing 

point when cells are irradiated in S phase, the failure of this repair system 

to recognize them could lead to a deviation from linearity in the dose 

response for carcinogenesis.  
(Review by Kolodner, 1995)
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2.2 Cell cycle check points (role of p53, ATM, and other proteins) 

[a] GI to S 
[b] S phase 
[c] G2 to M 

(Reviews by Enoch and Norbury, 1995; Cox and Lane, 1995) 

2.3 Programmed cell death (apoptosis) 

(Review by Hengartner, 1995) 

2.4 Dose response relationships for DNA repair as impacted by cell cycle 

checkpoints and programmed cell death 

(a) low dose and LET-little if any effect 

(b) dose rate-possibly large effect, shifting from linearity at moderately 

low dose rates to higher than expected at very low dose rates (or vice 

versa). This result may occur when the time between successive 

ionizations in the DNA is longer than the delay in the cell cycle 

progression caused by the first ionization. The cell will then have moved 

into the next phase of the cell cycle, which may be either more or less 

radiosensitive (in terms of carcinogenesis)than the one in which it was 

delayed.  

2.5 The adaptive response. Although this phenomenon is very probably due 

to an induced DNA repair system, it is unlikely that it will cause any' 

deviation from linearity at low single doses, simply because no adapting 

dose has previously occurred. As dose rate changes, a shift from linearity 

might occur in the time frame around when the protective effect of the 

first (adapting) ionizing event dissipates and a second ionizing event 

occurs.  
(extensively reviewed in UNSCEAR, 1994).



NCRP SC 1-6, Linearity of Dose Response 

Mutation in vivo 

1. Human in vivo 

a. A-bomb survivors 

Hirdi, Y, Y Kusunoki, S Kyoliz.umi, AA Awa, DI Pawel, N Nakamura and M Akiyama 1995 Mutant frequency at 

the hpri locus in peripheral blood T-lymphrplytcs of atom-dc bomb survivors Mulat. Rcs 329: 183-96.  

Among 254 survivors (171 exposed and 83 unexposed), there was a weak but significant effect.  

Control frequency was 10*5, and ln(slope/Gy) was 0. 104.  

Hakoda, M, M Akiyama, Y Hirai, S Kyoijumi and AA Awa (1988) In vivo T cell frequency in atomic bomb 

survivors carrying outlying values of chromosome Aberration frequencies. Murat. Res 202: 203-8.  

Here they have compared hprt- MF in survivors with high levels of chromosome aberrations, or in 

those with background levels (calculated total doses were 248 and 273 cGy, respectively). MF in 

the high aberration group were nearly twice as high (mean = 6.7 vs 3.7 x 10"6; unexposed controls 

were 3.4 x I10"). As expected, lots of scatter in the data.  

Langlois, RG, M Akiyama. Y Kusunoki, BR DuPont, DH Moore 2 "', WT. Bigbee, SG Grant and RH Jensen (1993) 

Analysis of somatic cell mutations at the glycophorin A locus in atomic bomb survivors: a comparalivc study or 

assay methods. Radiat. Rc.; 136: 111-7.  

Significant dose-related increases seen in this set of 39 exposed survivors. Data were fitted to 

linear curves but there was lots of scatter.  

b. Other exposed groups 

(i) Cancer patients 

Mcssing. K and WEC Bradley, 1985 In vivo mulaut [rtuluency rises among breast cancer patients after exposure to 

high doses of gamma-irradiation Mulat. Res., 152: 107-12.  

Exposures to 4 Gy, fractionated. Mutant frequency of 7 x 1 06 inutants/cell/Gy.  

Saia-trepat, M, J Cole, MHL Green, 0 Ripgaud, JR VilCoq and E Moustacchi (1990) Genotoxic effects or 

radiotherapy and chemotherapy on thc circulating lymphocytes of breast cancer patienls. I11. Measurement of 

mutant frequency to 6-thioguanine resistance. Mutagenesis 5: 593-598.  

Increases in MF were attributed entirely to RT (1. 8 Gy 5 times/wk to a total of 45 Gy), without 

effect from CT (fluorouracil, adriamycin and cyclophosphamide), regardless of the order of 

treament. Normal Controls = 17.73+1.09(SE) x 10"(.  

Cancer patients before therapy = 20.60+1.14 
Chemo first = 26.19+1.16 
RT first - 36.43+1.24 

RT followed by CT -- 37.92+1.24 
CT followed by RT = 38.69+1.14 

Nicklas, JA, JP O'Neill, TC Hunter, MT Falta, MJ LippeTI, D Jacobson-Kram, )R Williams and RJ Albertlni 1990 

In vivo ionizing radiations produce deletions in the hprt gene of human T lymphocyies. Mutai. Res, 250:383-396.



Patients were studied before and after treatment with RIT with 1-131. Mean MF was 11 .5+5.1 x 

le pre and 27.8+16.1 post. Known doses ranged from 8.5 to 152.3 mCi, and a dose-response 

curve was fitted well to either a first or second order equation. Analysis of individual mutants 

indicated that there was an excess of deletions, which is consistent with induction by radiation.  

Ilowever, patients also received a 21 Gy dose with an external beam to the affected organ (liver), 
and chemotherapy as well. So attributing the increase to the RIT seems questionable.  

(ii) Nuclear medicine patients 

Scifen, AM WEC Bradley and K Messing (1987) Exposure of nuclear medicine patients to ionizing radiation is 
associated with rises in HPRT- mutant frequency in peripheral T-lyrnphocytcs Mutat. Res 19l: 57-63.  
This is for Tc-99m. Pre-exposure blood draw served as control. Mean MF increased fiom 

2.09+3.18 x 10-6 to 7,62 x 10-6. According to the supplier, the dose to the blood is 1-1.5 cGy.  
However, based on other studies of micronuclci formation, the authors speculate that the biologically 
effective dose was higher, by up to a factor of 3. The authors cstimate I 0" to 10"5 induced 
inutants/cell/Gy.  

Kelsey, K.T., K.J. Donolioc, A. Mcmisoglu, B. Baxter, M. Caggana and H.L. Liber (1991). In vivo exposure of 
human lymphocytcs to technetium-99m in nuclear medicine patients doe.; not induce detectablc genetic effects., 
Mwlation Res., 264:213-218.  
This study did not reproduce the Seifert et al results.  

Bacland, M, AM Seifert and K Messing 1991. Nuclear medicine paticnts do not have higlier mutant frequencies 
after exposure to thallium-201. Mutat. Res 262:1-6.  
They speculate that the difference between Th and Tc has to do with effective dose to LCs. Th is 

a K analog and distributes to organs, while Tc adsorbs to RBCs and is found with LCs.  

Kelsey, K.T., K.). Donohoc, B. Baxter, A. Meniisoglu, J.13. Little, M. Caggana and H.L. Liber (1991). Genotoxic 
and mutagenic effects of the diagnostic use of thallium 201 in nuclear medicine. Mutation Res., 260: 239-246.  
Also no effect of thallium 201 

(ii) Radiation technicians 

Messing, K, I Ferrari%, WEC Bradley, I Swartz and AM Scifeil (1989) Mutant frequcricy of radiotherapy 
technicians appear, lo bc associated with recent dose of ionizing radiation. Health Physics 57: 537-44.  

This group was exposed largely to gamma, with an average dose 2.2 mSv in the previous 6 

months before the assay. These technicians had an average MF of 12.8 x 10-6 in 1986 versus 9.5 

in the controls; the same individuals were at 7.7 versus 3.1 in the controls in 1984. The differences 

between the time points were ascribed to laboratory procedures. The implication is that the 2.2 

mSv average dose yielded a 50-100% increase in mutant frequency.  

(iv) Miners

(v) Radiation accidents



Jcnsen, R10, RG Langlois, WL Bigbec. SG Grant, and DR Moore 2" Elevated frequency of glycophorin A 
mutations in crythrocytes from Chrcnobyl accident victimns. Radiation Rcqcarch 1995, 141(2):129 
Data from people exposed after the Chernobyl accident showed increased variant frequencies at the GPA 

locus. Thcsc mutations are the result of large-scale alterations. Data were fitted linearly, but the scatter is 

very large.  

c. Comparison among genes - hpri vs GPA 

2. Animal in vivo 

Russell, WL and EM Kelly 1982 
Specific locus mutation frequencies in mouse stcrm spermatogonia at vm-y low radiation dose rates. Proc 

Natl Acad Sci 79: 539-41 
Mutation frequencies in male mice and the estimation of genetic hazards of radiation in men. Proc Natl 

Acad Sci 79: 542-4 
With the spccific locus test, linear DR obtained for both acute and chronic dosing protocols. DR cflect 

scn down to 0.8 R/min, but not below.  

Lorenz, R, W Deubcl, K Lcuner, T Gollynr, F Hochhauser and K Hempel 1994, Dose and dosc-ratc dependence of 
the frequency or ihprt dcficient T lymphocytes in the spleen of the ] 37Cs gamma-irradiated mouse. IJR1 66(3): 
3 19-26.  
In vivo assay with hprt in T-cells. Treated with Cs 137. Doses 0.3-6 Gy. Dose rates = 0.5 Gy/min, I 

(ly/day, 1 Gy/wk. Mutants scored 8-10 or 30-40 weeks aflcr treatment. Data fitted to L or to LQ 

equations.  
"* Acute irradiation, wilh MF at 8-10 wks, dose-response = Iinear quadratic.  

"* Low DR, with MF at 8-10 wks, dose-rcsponse = Linear 

Schicsil, R.H., Khogali, F. and CarTs, N. 1994. Reversion of thc mouse pink-eyed unstablo mulation induced by 
low doses of X-rays. Scicmice 266: 1573-6.  

This in vivo reversion assay detects DNA deletions, since the mutation is a gene duplication. X-ray

induced reversion occurred linearly between 0.01 and 1 Gy. This is an example of a specific type of 

mutation being induced with linear kinetics.



Mutagenesis in vitro 

i. Acute, low LET radiation.  

a. Assays at the hprt locus 

The most commonly used genetic locus for mutation study in mammalian cells is 

the hprt locus, for several reasons. It is easily selected for with purine analogs such as 6

thioguanine. it is X-linked and thus hemizygous in all mammalian species (this is 

advantageous in that there is no second compensating allele to mask phenotypic changes 

after a mutation, but disadvantageous for two reasons: (i) mutational mechanisms that 

involve the homologous chromosome do not function, and (ii) very large deletion events 

may include an essential gene that will result in cell death).  

In some human cell systems, there is a linear dose-response with no apparent 

threshold. These include human fibroblasts (e.g., Cox and Masson, 1979) and human 

lymphoblasts (REF). Generally, there is little data below 50 cGy, so thresholds cannot be 

ruled out. However, Gi-osovsky and Little (1985) did a fractionated experiment in which 

lymphoblast cells were treated daily with 1-10 cGy of acute X-rays. The final observed 

W1f was equal to that seen for a single acute exposure, suggesting that the increments 

were additive, and a dose as low as I cGy was effective at inducing mutation.  

In other human cell systems, notably T-lymphocytes there is a non-linear dose

response (Vijayalaxmi and Evans, 1984; Sanderson et al, 1984).  

In the majority of rodent studies, the dose-response is non-linear.  

Within the same laboratory, human fibroblast versus rodent V79 have maintained 

this linear versus non-linear trend (Thacker et al, 1979; Cox and Masson, 1979) 

b. Assays at other genetic loci 

Studies at the heterozygous tk locus have been done in both human and mouse cell 

systems. Mutations at this locus can arise by all of the same pathways as at hprt, but in 

addition, can arise from mechanisms involving the homologous chromosome, and by very 

large intrachromosomal deletions.

. I '



In L5178Y mouse cells, the dose-response curve was reported to be non-linear 

(Nakamura and Okada, 1981, 1982). 1lowever, later experiments with a different 

subclone indicated a lincear response (Moore et al, 1988).  

In TK6 human lymphoblast cells, the curve is linear (REF; Konig and Kiefer, 

1988). However, if the p53 tumor suppressor gene is mutated in these cells(Xia et al, 

1995), the dose-response curve becomes nun-linear (Amundson et al, 1993).  

Studies at the dhfi" locus, where one mechanism by which mutants can arise is by 

gene amplification, have shown that the dose-response is non-linear in EMT-9 mice (Hahn 

et al, 1990). However, in L5 178Y mouse lymphoma cells, mutation was linear 

(Nakamura and Okada, 

2. Acute exposure to high LET radiation 

Generally these dose-response cures are linear, especially in human (e.g., Cox and 

Masson 1979; Nakamura et al, 1982; ETC, ETC - More refs). In rodent cells, curves 

sometimes are linear, and sometimes curvilinear. The non-linear curves often fit better to 

linear equations than they do for the low LET radiation.  

3. Chronic exposure to low LET radiation 

in human lymphoblast cells (where the acute dose-response is linear), chronic 

exposure to either gamma-radiation (Konig and Kiefer, 1988) or beta particles from 

tritiated water (Liber et al, Tabocchini et al) showed no evidence of a dose-rate effect.  

In L5I78Y mouse lymphoma cells, lowering the dose-rate from 50 to 0.8 cGy/min 

resulted in the dose-response going from non-linear to linear. At the dhfr locus in these 

cells, the lower dose-rate was less mutagenic, but the dose-response was still linear in 

shape (Nakamura and Okada, 1981).  

In V79 cells, Crompton et al (1985) reported that lowering the dose-rate from 4 

Gy/min to 50 mGy/hr decreased the mutagenic efficiency of gamma-rays; however, 

decreasing the dose-rate still further to 8 mGy/hr led to a dramatic increase in mutagenic



efficiency, to at least several-fold higher than the acute treatment. In these experiments all 

dose-response curves were non-linear.  

4. Chronic exposure to high LET radiation ?M? 

s. Differences among mutational classes 

From molecular analyses of radiation-induced mutants, it appears likely that mutations that 

are studied in vitro and in vivo arise from several different mechanisms.  

Point mutations (base pair substitutions and small insertions or deletions) likely arise from 

damaged bases that are mis-replicated or mis-repaired. Unless there are saturable levels of 

radical scavengers or of DNA repair pathways for base damage, this sort of DNA damage 

should form linearly with dose, and so the mutations resulting in this fashion should also 

aiise linearly.  

Large-scale deletions of thousands or millions of base pairs are thought to arise from one 

or more double strand breaks. If in fact two or more "hits" are required, one would 

imagine that deletions should follow non-linear (quadratic or higher) kinetics. At 

autosomal hctcrozygous genes, LOH by recombination (gene conversion or strand 

exchange) "unmasks" a recessive allele. Similarly, such events have been thought to 

require multiple hits and threfore are expected to follow non-linear kinetics.  

In support of these ideas: 

DNA amplifications arise with non-linear kinetics in EMT-9 mouse cells (Hahn et al, 

1990).  

In CI-O cells, Nagasawa and Little (Radiation Research meeting, 199X) utilized PCR of 

the exons of hprt to characterize X-ray-induced mutants. First of all, they showed that 

overall mutation fit best to a linear quadratic equation. However, they found that point 

mutations and also partial deletion mutations arose with linear kinetics; only the total gone 

deletions arose non-linearly as a function of dose. Thus the total gene deletions dictated 

the non-linear nature of the dose-response curve as a whole.

10 -J
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On the other hand, Moore et al (1988) reported that at the tk locus in L5178Y 

mouse lymphoma cells, that gamma-rays induced both large colony (thought to arise from 

small intragenic alterations) and small colony (thought to arise from large multi-locus 

alterations including both deletion and recombinational events) mutants with linear 

kinetics. In TK6 human lymphoblast cells, X-ray-induced LOH events (again a 

combination of deletions and recombinations) arise with linear kinctics.  

6. Differences with respect to repair capacity 

Human cells with a double mutation in the Rb gene have the same linear dose

response curve after treatment with gamma-rays as do normal fibroblasts (Wang et al, 

1986).  

Human lymphoblast cells with mutant p53 are considerably more mutable by X

rays, and they develop a non-linear dose-response curve shape. They also are more 

mutable by high LET radiation. (CHECK w AK and or SA for details) 

Recently, L5178Y mouse lymphoma cells were found to be mutant at the p53 

locus. However, it is not certain whether all of the various strains of this line that have 

been used in mutagenesis research carry this alteration.

Xrs-irs lines



In vitro dose-response data for mutagenicty 

Cell type Locus Dose-rate 

EMT-6 dhfr, arising by Acute 
mouse amplification;

Acute 

Acute

C1H0 

Human 
diploid 
fibroblasts 

"V79 
(same lab 
as above) 

L5178Y 

CHO-AL

hprt 
lrtx-r 

large-scale 
mutations

Acute 

Acute; 
0.58 - 17 
cGy/min

____________________ I� p �ci di Reference
adi ticn t ResWt

X-rays

X-rays 
alpha 

He at LETs of 20
90 keV/im; B at 
LETs of 110-200; 
N at 470

He at LETs of 20
90 keV/p-t; B at 
LETs of 110-200; 
N at 470 
S- rays; 
fast neutrons

Non-linear for both loci

X-rays: overall DR slightly 
curvilinear - Large D 
curvilinear, but point and partial 
D are linear 
Alpha: overall L, 
Large Deletion: curvilinear 
Partial Deletion: linear 
Point mutation: Linear

hprt 
hprt 

hprt

Curves generally linear 
quadratic, occasionally linear

hprt: y•is curvilinear, N is linear 
mtx: both linear 
(unclear whether 1-step mtx 
selection is via amplification)

4

I ___________ I I
nt-rays;
neutrons

Linear; 
Linear, with high doses 
becoming less effective; 
lowest E (.33 Mev) most 
effective mutagen

- I - -Amy K.

ReferncB evlieadW MoanI9O
1labn. F, B. Nevald'me and WF MorgaI M99, X-ray inductim of meamumae resistane due 
to dhfr gene amplificaMion Somat Cell Molec.  

Geent 16:413-23

Nagasae, H an ad ittle, JB, rcubiced (But 
presente at a Radistim resem~h me•m)

Cex, Rand WK Masscm 1979 Mutation mid
Cox, R &ad WK Mass=oa 1979, Mutatfion and inactivaton of cltured ammmnlian cells 
exposed to beams of ancelerated heavy ions. Ill 
Human diploid fibroblasts, hit J Radial Biol.  
36:149-60

Thackcr, J, A Stemb and MA Stqien- 1979, Mutation and inactivation of cultured 
mammalian cells exposed to beams of 
accelented heavy ions. K Chinese ha•ster 
V79 clts, Int J Radiat Biol 36:137-48

Nakamura, N, S Suzuki, A Ito and S Okada, 
1982 Mutations induced by y-rays and fast 
naetrons in cultured mnmalian cells 
Differenes in dose-response and RBE with 
methotrexatre- and 6-tbioguaniao-resistant 
"sms. MutaL Res 104: 383

HEDandCWWaI&ra 1988
mHci, M E, M_ H and CW Waldrn I98M 
Mutation induction and relative bioklgical 
effectivenss of neutrons in mamanuian cels.  
Radiat Res 115: 281-291.

I I ________________________

RBE maxina at 90-200 
keV/pm; All curves linear

hprt Acute

I'C

m m 

IR•adt

Amy K

S-



Human 
TK6 LB 

Human 
TK6 

L5i78Y 
mouse 
lymphoma 

Human LC 
in vitro 

Human LC 
in vitro

V79 j hprt
hamnster

hprt 

tk 

hprt 

hprt 
mtx-r 

hprt

2.7 mGy/hr, 
27 mGy/hr, 
Acute 
1-10 cGy/day 
(fractionated 
acute)
50 cGy/min 
0.8 cGy/min

!-rays No dose-rate effect; 
Linear curves

1 4.

X-rays No difference between Fract and 
Acute

____________________ 4 1

y-rays hprt goes from non-linear to 
linear; mtx is linear at both rates, 
but less effective at lower, 
suggest two components; one 
shows dose-rate dependency, 
and the other does not

I + I -. T
Acute

hprt Acute

L5178Y bprt

Human hprt

8 mGyh 
50 mGyfhr

X-rays non-linear

____________________ 4 I
X-rays non-linear

____________________ I 1*
y-rays All non-linear, 

Inverse dose-rate effect - lowest 
dr was much more mutagenic

y/min __4-I -

30 Gy/hr; 
20cGy/hr, 
6.3 mGy/hr

Acute

-y-rays

"y-rays

non-linear;
linear and less effective than 
acute; 
linear and more effective than 
medium dose (only difference 
from acute is in the highest dose 
(4Gy)
Rb cell lines and normal fines 
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1. M4EDLINE rc-sult) 
&-,hweizer PM.  
Unwur doge-Ttltpnnse rltionshlp and no inverse dose-rate etyect 

Ob4cecved for low X-ray dose-indluced rnitotio recomnbination in Drosophila 

nmcJknogz18t. a.6()M
International JOurnAl Of Rz8diadio' Biology, 1995 M.r673:3-.  

(UL: 9520500'2) 

Abstrct: MitoliC rc~omnbinatiofi has enwgced lately tu at NukpislI1&lY Qwnlffon 

cauase of reCssivo funcional gene loss in mammal ian "Uls WM has beon 

implicated in tumour supprewss gone loss in human neoplasinu. In an assay, 

primirzliy monlinting niltode recombination In Drosophila melanolaster the 

ability of low dose acute- anSI chronir X-ray hradiation to induce clonal 

CxprOSSloo of reowssave. Mutations of forntally heteroqyoln5 Inci wasq 

Investigated. Mosaic. Bpots of' recssive wing-hair misshape mutations. (mwh 

and fir) mnd of hafr.Intu-brlIsles tranffforming mutation (zw3tic) ivoe 

enhaced by a factor of two over w~nirul lovel following irradiation of 

heterozy~ous larv ae to dose& as low as 0.01, 0.03 or 0.1 QJy X-r ays,. The 

fimeciesof mosaic spots Induced with eight doses In the interval 

0.01-2.0 Qy was linearly relaWe to the dose. The regression liners show no 

slgniftant inteveepr isr 7mT( dose. During the entirelarval developmenta 

perlod exposur of the exponentially growing mrget cell population to 

conditions of chronic imdiation at doss-iate of 15.7 x 10(.5) Gy/min 

pruvidod no ovidenco of an in'vcmac dose-rate ifeTw as reported in yeait.  

In Drosophila, fte probabUity or rnltodc recomnbination par Induced DNA 

doutic.strwfd break Appears to be at leftt ono urdQv uf inagniitodo blghcr 

thmn in mn.t 

Adoiptive rersponse: 

2. (MEDLINE result) 
Schappl-Buchi C.  

On the genetc backgtound of the adaptive response to X-rays In 
Dnsophila melknogaute.  

Internationa Jouirnal of Radiatofl Biology. 1994 Apr. 65(4),427-35.  
(Ut: 94209794) 

Abstract: The offcwA* of a low dose (0.1-20 mOy) prolrradijation with X-rays 

followed by a higher dose (2 Gy) of tbu WLIC fadAtO~n On the rocovory of 

the genetic damnage ir~uoe4 as dominant letlials In mature oocytes (iitMq 14) 

of difrezent strains of Drosophila mclanogaster were investigatod. The 

respnse was shown to be dependent on the jonoty ,pr of the fles tested, 

sliw. lower freque~ncies of dominant lethals (DIL) wort only obtained in 

strans carrying the white mutation,. BssM nn these observations 
cxprcrkncnt to locuta the geofl~c factor responsible for the. adaptive 

i'obpube (ARt) w=r porformed. This factor wa~s found to be in a specific 

regon' of the X-chromosxome,. Azidional experimnents w=r carried out to give 

Inforroation on the minimal dost required to Induct e O A&. Mw results 

showed that the lowest dose needed is U.2 m~y. Incrtasing the conditionIng 
X-ray dose had no inifluence on the response.
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Low dose-rate studies: 

1. Fumo-Fukuslhi I; Uono AM; Matsiudair 9L 
Mutation InducoOn by rey luw duse ratc garmma rays in oultured mous 

leukemia cells L5178Y.  
Xadiation Research, 1988 Aug, 115(2):273-80.  

(UL 88304497) 

Abtrot. Induction of call klg and mruaton to 6-thioguanine resistance 
was studied in growing mouse leukemia cells in culture following gamma rays 

at dose ratos of 30 Cy/h. 20 oOy/h, and 6.3 mGy/h, I.e., acute, low dose 

rate, and very low dusc rate Irdiation. A markod increase wag observed in 

tihe cel survival with derCI ng dose riwL; no jeducrton n• thc, survivlng 

fraction was detected atler irrn~aon at 6.3 mGy/h unti a total dose of 

4 Gy. Similarly, the induood mutation f•equency d•crased &r low dose 

vata Irradiaton compared to acute irrladiatlon. However, the frequency 
after irradiation at 6.3 mGy/h was unexpectedly high and remained at a 

level wbich was intermediate between icute and Iow do-;# rate iffadiation.  
No appmciablo ohanges were observed in the respons to acute egmma rays 

(in Iwrai of oc4 killing and mutation induction) In the cell P which had 

cxperince, d very low dL- Lac rwrradiation.  

Acute exposure to high LET radiation; 

In human cells, the curves are linear. There is limited data to suggest that 

for very high T ET the curves for individual types of heavy ions diverge and LET 

is not a pood predictor (Kiefcr).  
some references to add and discuss

I. Kmnenberg A; Little JR.  
Locus spoolficity for mutation induction in human cells exposed to 

"n-dera" hMavy Ions, 
Iternational Journal uf Rddiatlon Biology, 19B9 Jun, 55(6):913 24.  

(VU: 89278995) 

Abqtram 1he relative efficiencies of two types of densely ionizing particles 

were compared for the induction of mutaltons at two distinct genetic loci 
In hurna cells. Mutatlons to 6-thioguanlne resistance (hgprt locus) or to 
trifluorothymidine rosslmtan (tk) locus were scored I•n TK6 human 
lymplioblastoid cells exposod, to gmdod doses of 40Ar ions (470 MeV/amnu, Izr 
= 95-97 keWVmIcron) ur 28SI Ions (456 McV/amt, 61 keV/ftirons). The 

autosomnal tk locus was more efficiendy mutated tlan the X-linkod hpnrt 

locus following heavy parcle irradiations. This was preluixnitittly d1u W 

the contribution of a class of slowly growing mutants scorod at the *k 

locutS. Silicon ions were moe efficient per unit dose than nrgon ions for 
the induction of mutants at either locus. When the mutant yield for a 
pwrtleular ion was compared with particle fluenc*., •imil a numbers of bgprt



mutants ame induced4 by equal numbers of stOAt ur 283i livub. 00ompartsn Of 

,Ihe numlfber of tk mutats with pa~rtil fluence dcmnscracs an lnoeruwcl 

efficiency for 28S1 ions orver 4bAr. noese data suggest that the LET-RBE 

relationship may be different for Individual genetic Woc in human cells.  

1. (MED9O xmsult) 
Whaley JM; Liukl JD.  

Efficient mutation inuction by 1251 and 131U dca~ys in DN~A of human 

Ridiatiofl Rescarch, 1990 Jul, 123(1):68-14.  
(Ml- 00310IR5) 

Abstraot: To ex~amine the role of radiation energy deposition in DNA on Cellular 

crrects, we Invcatigatod thc. ability of W25dUrd and 13tI1tdzrd to kill cells 

and induct mumuta~im at. the hpit locus. We employed human lymphoblastold 

cells pT0fiio! (TK6) or deficient (SE3O) bi tie ability to inocnorsal a 

thymidino analog into L)NA by way of the thymidifle kIn=~ (TK) scavenger 

pathway. Iodine. 125 releeasS a shower of low-encrgy Auger eloctron s upon 

dwaey which deposit most of khir energy within 20 nm of the decay site, 

whereas 13 11 is a high-energy beagamma ernitter that is generally 

considered to emit sparsely Ionizing rmdlitinn. Alfthugh 125ldUrd 

nicorporutod Into cellular DNA was very effective at producing tixic; and 

niuta~cii1,; WCrlte ill TJ(6 V,113 virally no affect was seen i 

TK-defiCliflI cc-Its incubwxd. widli shrillr levels of 1251dUrd In the 

exacll~uIO1 urdium, In responso to 13 ildUrd vte~unsict, 0.0~ X 10(-6) 

mutants5 won Induced per conigray dose deposited within the nucleus in 

TK-proflcient cells. whereas few mutations, were Induced in TK-d'eficieflt 

cells at doses tip in 38 c~y from 1311 decays occuring In tie medhatfl. Itho 

differences int biologicel response between TK6 and SE3O cells cannot be 

explained by differential radiosengitlvlty or Icdird xensitizationt of the 

cell lines involved, Wo conclude that both 1251 and 13 11 de~cays occ Wing 

while lncorpvratil ýino DNA are more r.ffcctivo at Inducing ooll killing and 

mutations In bumn= cell a than eOhmr nunh1E;muxOatd dvcysor low-LET 

radiaions. These, results suggest that localized energy depoSitlUU IS Wu 

ftnpoxtant facto in producing blologi caly Uimportant damage by both of 

these i~ntnpea, and that roddus lesions following the decay of 

DNA-incorporated radioisotope% may contribute to the toxic and muta2Cfllc 

effects obsmrved in TKproficient colk wls. trmoenfO thety emphasize that 

otruian beWganua-emnitting isotopes suoh as 13 11 mnay be parcicu~luy 

bazardous whcun Liucorporatwd into DNA.  

2. (MED9O resul) 
Whaley Th1 Kassis Al; Kinsey BM; Adelstelfl Sk, Little )B.  

Mutation induction by 12kiodoacetylproflaviflo. a DNA-intrclateCiUn agent, 

in humain cals 
IntemaOtional Journal of Radiation Biology. 1W.f INn, 57 (6): 1087-I03.  

(tfl. 902'70767) 

Abstract: Survival and tho induutioL of mututiomtt at the hprt a~nd tk looi were



measured in T&6 human lyzn!uliu1Jlastold ccll following trctmo~mnt with the 
DNA.intercahating agent 125iodoacetylproflav•ine (125IAP). 125LAP was 
irtidily t&en up Into the olls, wa. localized to the nucleus, and was 

role"sed rapidly following esu .nslon of the cells In fresh medium.  

Treatment with 1251AP for 24 h yelded a DO of 1 dccays/ce, an an 

induced mutant fraction of 0.13 x 10(-6) per decay at the hprt locus and 

0A4 x 10(-6) per decay at the tk locus. Molecular analyses of 
125IAP-lnducd hprt mrtants by Southern blot revealed a high proportion of 

large-scale changes at this locus. When these results are compared with 
those obsmrved with 125IdUrd4 125AP shlww a icduood cffCtivenoss por 

decay, related perhap to the non-covalent nature of IntEc•lator binding, 
tng In reduced-encrgy deposition in the )N•A.  

3. (MBD90 result) 
Whaley JMK Little JB.  

Molecular characterization of hprt mutants Induced by low- and high-LET 
'adlatlon., In human cel1s.  

Mutation Research, 1990 Ian, 243(l):35-45.  
(UI: 90136688) 

Abstract Southern blotting techniques were employed to examine the spectrum of 

rmlecular alterations in DNA induced by internally eanitting iodina isotopes 

and X-rays at and around the hprt locus in a human lymphoblastoid cell 
line. We ana"yed 165 mutant clones usin$ a cDNA ptohe for the human hpit 

locus, and 3 anonymous sequence probes for regions of the X chromosome 
whitli wr linked to hprt. The rosults wer= compared with those for 35 

spontaneously arising mutant clones. The majority of ionizing 
radiation-Induced mutants showed changes in the normal rTe.rlkudut patolms 

at the hprt locus, whereas very few alterations were seen at linked mrkcrs 
along the X chromosome, Total hprt codi ng sequence deletions comprised 
30-48% of the changeR observed at this locus, while partial deletions and 

rearrangements comprised 14-54% of the observed changes. In the case of 

mnutanttB induced by [125I]dUrd, a densely ionizing radiation, the speotrum 

of alterations was dose-dependent; at low doses it was not significantly 
different from that seen dtfte spawrlcy ionizing X-ray exposurc, whorons a 

higher propo0rtion of gene dtletions and rearrangements occurred aft.r high 
doses of this incorporated isotope. Changes were rarely observed in the 3 

linked mnakers examined. Overall, thes results Irdicate that the 
distribution of mutational events at the hprt locus in irradiated human 
cells may not only be LET-dep6ndent hnt dMwderendent, and that deletions 

involving large regions of the X chrornosome surrounding the hprn locus are 
rare events, 

5. (MEDLINE result) 
Tsuboal K: Yang TM Chen DJ.  

Charged-particle mutagenesis. 1. Cytotoxic and mutagenic dffcts of 
hMgh-lHr charged iron partcle B on human skin fihrobl t.  

Radiation Research, 1992 Feb. 129(2):171-6.  
(UL; 92132001)
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Abstract. Cytotoxic and mulagefic, etTects of fllgl-LET charged ironl (56Fc) 

Pard~cles WMr measured quanttativoly using 0=7ar ctuIturos of h~uman skin 

flbroblasma Argon and lantharnu particles and garnmrD rays were used in 

Comparative sumids. The span of LET& selected was from 150 keV/trncrofl$ 

(330 MUV/u) to 920 keVlmicroflB (600 MeV/u). Mutntions were scored at the, 

hypoxanthiflO guanino phosphoribosyl transferne (X-LPRT) locus uuing; 

6-tWdo-guaflnul (6-TO) f'or solcotion. llxposuro to these high-LET charge4 

particles, rcsUltd to exponential survivid curvcs. MutAtion induction, 

howeverI wsttebytolna &L The relative bilogclU~~ 
effedvecss"B)forcell killing ranged from 3.7 to 1.3, while that for 

mnutationl induction ranged from 5.7 to 0.5. Both the, RBE tbr cell killing 

and the REB for mutageflesis decrowsd with increasing LET over fth range of 

1.50 to 920 k-V/micrmn. The inativa~tiCWn cross Wetion (sigma Di "n the 

action cross section for mutation induction (sigmA in) rang~ed from 32.9 to 

92.0 m11crons 2 and. 1.45 to 5.56 X 10(-3) rnicrons2; the =nxitnurn values were 

ObWaNed by 56PO with t~n LET of 200 kcV/mkrona. 7Ue mutagenicity (sigma 

mlslmrlf i) ranged from 2.05 to 7.99 X 10(-5) with wi lnvcrsc rolatlonohip 

tD LET.  

6. (1MARD)UNE result) 
!Mttiflg NP, Palayoor STn ?acklis RM; Atchtr RW;. Liber HL; Little lB.  

Wadcdion of mutations by bismuth-2 12 alphR particles at two genetlc loci 

in hurnan D-lymphoblautB 
RmlianiiOa Researh, 1992 Mcx, 132(3):339 45.  

(UL 93117343) 

Abstract: The human lymphoblast cell line TK6 was exposed to chr, 

ftlpha..pardTc1Cs.Cr1itdIng Maon daughwr 2l2Bi by adding DTPA-cht15ted 212131 

directly tn the cell suspenlsion. Cytotoxicity and mnuttienicity at two 

gen*atic loci were measute4. and the molezular nature of mutant clones waR 

studied by Southern blot analysit. Induced mutant fractinns were 2.5 x 

10(-5)10y at fth hprt locuis and 3.75 x l0(-S)IGy at the tic lccus. Molenbir 

analysis of HPRT- rnuttuaDNAs 3howod a high Froquoncy (69%) of clonts with 

partial or full deletions of the bprr gene among rditaIon-aiducC4 m-utants 

coinpad with spotaneous mutants (3 1%). Chl-squaled in3.lyrsc uf ujiutatlonal 

Sjecin show a a ignlflciml difference (P < or = 0. 005) betw=e spontaneous 

mnutants- and alpha-paricle-ifldued mu wInt. Comp mison with published 

studies of &celexator-produiced heavy-ion exposures of TK6 cells indicates 

that the induction of tnutatlofl at the hpit locus, PnA perhaps a subset of 

mutations at thc. ik locus, is a simple Unear function of particle fluenoo 

regardloss of die lcni .pcclc& or Its LET.  

7. (MEDLIhE result) 
IS"In 1%; Sdunidt k~ Schneider E. Kief rr J.  

Killing and mutatinn of Mhinese hamsme V79 cells exposed to accelerated 

oxygen and neon ions.  
RvAintion Researh, 1995 Jun, 142(S):288-94.  

(131: 952~81735)

1. -
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Abstruac Mutation Induction by acoclcratcd hcavy ions to 6-thioguanino 

resistance (HPRT system) In Chinese hanister V79 cells was invesdgatod 

using oxygen and neon ions with energies between 1.9 and 400 MeV/mu, 

corresponding to LET values between 18 and 754 keV/microns, respocdvely.  

Because of technical limiations roost experiments could be performed only 

nnce. Inactivation and mutatdon induotion cross sections. sigma i and sigma 

m, were obtained from the slopes of the exponential survival and the linear 

mutation Induction curves, rveqctivaly. Both pararnete Increased with LET 

up to about 200 keY/microns, whore the curves separated for the two types 

vf iv'•. Calculated RBE wcre higher for mutation induction than for 

killing for all LET values.  

8. (EWD9O result) 
Kianen T; Schneider B; Kiefer 1.  
Mutation induction In V79 Chinesc hamster cells by very heavy ions, 

International Journal of RadiAtion Biology, 1990 Dec, 58(6):975-87.  

(UL 91061017) 

Abstawt; Mutation indutuLion (restaieW to G-thlo~uaninc) in Chineos hamr.cr 

fibroblasts (V79) by exposure to acceleratod heavy ions (01, Nc. Co, Ti, Ni, 

Xe, Pb and U with energies between 5 and 14.8 MeV/u) was invosdgated, 

covering a range of LET from 300 to about 15,700 KeV/micron. The 

LET-dependence of the mutation induction cmss-section (sigma m) has, in a 

similar way to invctivtlon (sigms i). to be described by separate curves 

for eaoh ion. Both sigma m and mutagenicity (sigma tn/sigma i) decrease with 

incrasing speciflo onorgy for any given ion. Reladve biological 

effectivencis for mutation induction was found to be signiflcantly smaller 

than unity for the tons and energies inTustignuxl.  

9. (MED85 result) 
Ordlna DJ: Sigdestad CP; Carne& BA.  
Protection by WR1065 and WR151326 against fission-neutron-induced 
mutations at the HOPRT locus in V79 cells.  

Radiation Research, 1989 Mar, 117(3):500-10.  
(ULI 89185396) 

Abstract: The radioprotectors WR1065 and WRI 1326, each at a conmeniraLiuxi of 4 

mM, protect against cell killing and mutagenesis at the 

hypoxanthine-guaninC phosphoribosyl transferase (HGPRT) locus in V79 

Chine.se hamster fibroblast cells exposed to fission-spectrum neutrons (mean 

energy of 0.85 M.V) from the JANUS t-actor. Significant protection against 

neutron-Indtved o@i lethality occurred only when the radioproLectors were 

present during irradiation; e.g., DO's and n's were 82 Gy, 1.27 for control 

tvolt; 97 Oy, 1.51 for WRIO65-protwced €1ll; and 120 Gy, 1.00 for 

WR151326-protccted cells, respectively. Mutation induction by JANUS 

fission-spectrurn neutrons was linear over the dose range tested giving rise 

to a mutation frequency of 109.3 x 10(- 6)/Gy. In comparison with 60Co gamma 

mys (mutation frequency 83.7 X 10(-6)/Oy), JANUS neutrons, at a dose rate 

of 24 e0y/min. were over 11 iOrr.. more effective in inducing HGPRT 

mutations. Both WR1065 and WRI 51326 afforded protection against the 

induction of muwnt:s by neutrons, even when they were administered up to 3
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h ar Irrakdition; i.0,, mutation 6oqucnoius wor 40.9, 48.8 and 68.6 X 

10(-6)/Gy f(I WR1065 prelst during, pTesent iranedlately after, or added 3 

h after irradiation, respectively; and 61.7, 47.8, and 68.5 X 10(-6)/(3y for 

WR151326 ptresent at the same times.  

10. (MED85 result) 
GrdinaDI; Nagy D; Hill CK; Slgdcstad CP.  

Protection aganstradlaton-induvQd mutageJnesis in V79 cells by 

2.[(a=inopropyl)amlnoj ethanothol under conditions of acute hypoxia.  

Radiation Reseamch, 1989 Mob, 117(2):251-8.  
(UL 89161129) 

Abstract The effects of the radloprotector 2-[(aminopropyl)aruno] ethanethiol 

(WR-1065) on radiation-induced cell killing and mutagnesis at the 

hypnxanthine-gualnie Phsphoribosyl transferase (HGPRT) locus in V79 

Chinese hamster cells under hypoxic or aerobic conditions were examined.  

Conditions of acute hypoxia were attained by gasing 10(6) cells in 1-ml 

volumes in individual glass ampoules for 2 an with nitrogen. Ampoules were 

thcu bodod ad Incubatcd at 37 dagrees C for 60 rain. Following this 

teatment, oell survival after hhirrdation as expected was significantly 

enhanced. The effect of acute hypoxia on the formation of HGPRT mutants by 

irradiation was also investigated. Mutation frequencies were determined 

with a 6-day expression time and correctod for the number of spontanCous 

background mutanTs. Althnugh mutation induction was approximately linear as 

a function of radiation dose under most conditions tested, it was 

significantly reduced in cell populations made acutely hypoxic prior' to 

irradiation. Protection against mutation induction was apparent and similar 

when oolls worm imrliatd hI die prosenoe of the radioprototoTr, 

rogardless of whether they were also hypoxic or aerated. If cells were 

irradiated In air and then made hypoxic, no significant protection was 

still observed. These results suggest that the antimutagenic effect of 

WR-1065 is not due solely to Its ability to scavenge radiammon-induced 

oxygen-free radk.als, bin rather that it may also modulate these effects 

throudh the scavenging of metabolically induced fre radicals and/or the 

chomzzal repaIr of mcdi ation-Induoed DNA lesions.  

I . (MED85 iesult) 
Hill CK; Nagy B; Peraino C; Ordina DJ.  

2.[(AnifnopTopyl)eanlo]ethanetholo (WR 1065) is anti-neoplastic and 

anri-mutagenic when given during 6OCo gamma-ray irradiation, 

Car -inogenlsis, 1986 Apt, 7(4):665-9.  
(UI: 86190342) ' 

Absutruct We have studied the effoct of 2-[(aminopropyl)urninolctheio 

(WR 1065) on the induction of neoplastic transformation using 10TI /2 cells 

and on mutation at the hypoxanthlns guanine phosphoribosyl transfetrt 

(HOPRT) locus using Chinese hmmster V79 cells. Here we report the first 

observations that treatment of IOTl/2 cells with I mM WR1065 for a totil of 

35 min uhiring Irradiation with 60C gamma-rays significantly reduces dhe 

incidence of neoplastlc tmnsforrn don while having no effect on cell 

viability. In a similar exporiment with V79 cells in which 4 mM WR1065 wAs



uwde, w, fUIwId a S ;nJflcant reduction in mutation frcquvony at the HOPIRT 

loctS Wad significant protoction apinst cell killing, Th,'e results 

Spgest that WR106Q acts To modulate both acute damage and sub-leotl 

Processes that lead to mnutation and rocopa rmt. 1 on t1.  

purely mehbnlstic approach of dhm studies, the poetial app-,t atio, of 

these agents to minimizing tht long-terrm neoplasic effects o radiation or 

chernmtherapeutic agents Cuaxrely in use for treating potentially curable 

moor patnts should bo further invQ SOgPed.  

12, (MED.5 result) 
Grdina Dj; Nagy B; Hill CK; Wells RL; Peraino C.  

The radioprotactor WRIU65 reduces radiation-induced mutations at the 

bypoxatnhllflguflmiint PhosphoiiboSYl transfcrase locus in V79 cells.  
Carcinogonesis, 1985 Jun, 6(6);929.• 1.  

(L11 85228594) 

Abstmct: N-(2mcLrcopmethyl) 1,3 dlamrinopropane (WR1065) protects against 

rwnation-induced cell killing and mutagenesis at the hypoxanthinf-guanlne 

phoSphortbosyl transforuMw (HOPRT) locus In V79 Chinosc hamster lung 

fibroblast cells. At a concentration of 4 mM, WR1065 was found to be 

effective In protecting against radiation-induced cell lethality only It 

present during irradiation, e.g., a dose modification factor (DMF) of 1.9.  

No proetive effect was observed If the protector was added within 5 min 

after irradiation or 3 h Itter, e.g., DMR• of 1.0 and 1.1. rcspcotivaly.  

The effect of WR1065 on radlation-induced mutation, expressed as resistance 

to tho cytroxic purinc analogue 6 thioguanine (HGPRT), was also 

investigated. In contrast to the treatmont-schedule dependence for 

protQcion by WR1065 against cell killing, tlis agent was c.fective in 

reutciong aatlon.nducod mutations tcgitdltss of when it was 
adminIsterecL Following a dose of 10) Cy of 6OCo gmma-rays, the mutation 

frequencles observed per 10(6) survivors were 77 +/- 8, 27 +/- 6, 42 +/- 7, 

and 42 +1- 7 for radiation only, and WR1065 present during, immediately 

after, or 3 h after irradiation. 'These dam i uggest that although a segment 

of radiation-induced damage leading to reproductive death cannot be 

inodulatcd tirough the postlxradiation action of WR1065, procasses leading 

to the fixation of gross genetic damage and mutation induction in surviving 

cells can be effectively altered and Interfered with lealing to it iarkW.  

reAuction in mulatlon frequency.  

13, (MEDB5 result) 
MCI M% Cralse LM Yang TC.  

Induction of prolrin prototrophs in CIIO-K 1 cells by heavy ion&.  

Interrational Tounral uf Radiation Biology and Rltaitd Swtdiesin Phys9is, 

Chemistry and Medicine, 1986 Aug, 50(2):213-24.  
(UI: 86277140) 

Abstact; Using an established manmalian cell line, Chines hamster ovary cells 

(CHO-KI) we have observed the Induction of Prototrophs by various heavy 

ions. This lol line requires proline for normal growth in medium with low 

serum concentration. X-rays, three types of heavy paticles (600 MeV/u



Iron, 670 McV/u neon, wul 320 MoV/u sflkcon ions), othylmothuno sulphonate 

and 5.awytidine wore used to induce revertnts, which were proline 

independent, I"• -phase cells tted wi•th 5-azarcytidlne showed a very high 

mversion frequency, The induction frequency per viable coll appea to be 

dose dependent for these four types of radiation, and the dose-responso 
curves are approximately linear. Our results also indcate that the 

cffecdiveness of high-LET particles in Inducing proline prototrophs Ls much 

grmator than that of low-LET radiation. The RBD value for the induction of 

Iprototrophs was calculated for neon, silicon, and iron partioles and found 

to be about 1.3, 1.7 and 4.5, respvraiv.ly, At equal survivpl level. the 

reversion frequency for X-rays and EMS was about the same.  

Chronic exposure to high LET radiation (neutrons): 

4. (M•E9O result) 
Kwonbnborg A.  
PerspeOtives on fasi-ut-uvn mutagcar.nis of human iymphoblastoid o611s.  

Radiation Research, 1991 Oct, 128(1 Suppl):51-93.  
(UI: 92021460) 

Abstract: The effects of low-fluence exposures to (Pu, Be) neutrons (En 4.2 

MeV) have been studied In a mnOtlive human B-lymphoblastoid cCU line., 

TK6. Mutations were scored for two genetic locL, hypoxanthine 
phosphoribosy1transferase (hgprt) and thymidine kinase (tk). as a fu-iictfn 

of dose and dose rate. For exposures limited to less than one cell cycle, 

the mutation frequency for the hg~pt l us was 1.92 X 10(4)/cOy, When 

exposures were protacted over multiple oell generations, mutation yields 
were Increased to 6.07 X 10(-7)/rOy, Stinlar yields were obtained for the 

Induction of tk-dficllent mutants with a nomal coll generation time 
(tk-ng) when exposures were carried out at very low dose rates over 
multiple cell generations. In the seirir nf data presented here. the 
results obtained for short-duration neutron exposures arm compared with 
data obtained for monoencrgctio heavy oharged partioles of defined linear 

energy transcr (LET) produced at the BEVALAC aecelerator at Lawrence 

13erkclcy Laboratory. TK6 cells have been expowd~ to txwniis rang~ing in atomic 

number from 20.N to 40Ar over an energy range from 330 to 670 MoV•/MU.  

Mutation Induction was evaluated for both loci for a subset of these beams.  
The Tesuls obtained with 20N* ions of 425 MeVfama (LET = 32 key/microns) 

and 28Si ions of 670 McVlarnu (LET = 50 ke•/microns) closely resemble the 

mutation yields obtained for brief exposures to (Pu, ATe.) nentrons. The 

nature of al•tradons in DNA auoture induced within the tk locus of tk-ng 
mnutnt* ib reviewed for a series of neutron-induoed mutants and a series of 

mutants induced by exposure to 40Ar ions (470 MeV/aiu, LET - 95 

kaV/microns). The mutational spectra for these two types of mutantb wme 

similar and were dominated by allele loss mutations. Multilocus deletions 

inclusivc of the o,.rbAl locus were conon among tk-defictrnt mutants 

induced by these denwly ionizing radiations. For the mutants induced by 

4OAr ions, it Is likely that the mutations were produced by the traversal 
of the chromosome by a single panicle.



Differences among mutational classes:

CMrnmosod scanl mutatom: 

15, (MEDLINE result) 
McGuinness SM; Shibuya ML; Ueno AM; Vannais DB; Waldren CA, 

Mutant qua&nly and quality in mantmalian cells (AL) exposed to Cosium-137 

"gamm radiation: effect of caffeine.  
Radiation Research, 1995 Jun, 142(3):247-55.  

(U!: 95291729) 

Abstmct: Wo CxAmined do effe of caffeino (l,3,7i.rmpfthylxanthilne) on the 

quantity and quality of mulations in cultured mammalian AL human-ham'ster 
hybrid cells expodl w 137C% Baimnia radiation. At a dose (1.5 mg/mi for 16 

h) that reduced the plating efficiency (PE) by 20%, caffeine was no' itself 

a significant mutagen, but it incmeas by approximately twofold the slope 

of the dose-wrsponse curve for induction of Si- mutants by 137Cs gamma 

radiation. Molocular analysis of 235 SI- mutants using a series of DNA 

probes mapped to the human chmmmorne 11 in the AL hybrid cells revealed 

ta 73 to 85% of tie mutations iD unexposed cells and in cells mated 

wlith affcinC alone, 137Cs gpnm•a rays alono or 137C6 gamma rays plus 

caffeine were large deletions involving millions of base paiis of DNA, Most 

of these deletions were contiguous with Uc rugion of th MICI gone at 

1 p13 that aneodcs the SI cell giface antigen, In other mutants (hat had 

suffered multiple marker loss, the dclcbons wen= intermittent along 

chromosome I I. Those "complex" mutations were rure for 137Cs Samna 

irradiation (1/63 - 1.5%) but relatively prevalent (23-50%) for other 

exposure conditlons. Thus caffeine apperst o alter hnth the quantlty and 

quality of mutations induced by 137Cs gamma irradiation.  

LOH for densely ionizing radiations: (more references available to confirm, 

extend this) 
2. Kronenberg A; Lindc ,B.  

Molecular chara.tcrization of thymidine kcinaso mutants of human cells 

Thduoed by densely Ionizing radiation.  
Mutation Research, 1989 Apr, 211(2):215-24.  

(Ul: 80181729) 

Abstract In order to chaructr, zo the natur of mutants induced by densely 

ionizing radiations at an autosomal locus, we have isolated a series of 99 

thymlidine klnaso (Qk) mutants ufh nntui TK6 lymphoblusroid cells irradiated 

with eithe fast neutrons or accelerated argon ions, Individual mutant 

clones were examined for alterations in their resuicti0on fragment pattorn 

after hybridization with a human cDNA probe for tk. A restriction fragment



length polymorphism (RPLP) tlluwcd Iftitfltcation of the activo tic alec.  

Among the neutron-induced mutantR, 34/52 exhibited loss of the previously 

active "lrle while 6/52 exhibited intmagmnic reanangemenu. Among the 

arson-lnd=1Cc mutants 27/46 exhibited allele loss and 10/46 showed 

xcamfngerfnts within the tk locus. The remaining mutants had resriction 

pattens Inditringlshahle fmm the TK6 p•aent. Each of the Mutaw clones 

was further examIned for structual alterations within the c-erbA1 locus 

whi•h has boon localized to chromosorne l'7ql 1-qf, at sornr unknown di.trRnce 

from the human tk locus a chromosome 17q21-q22. A substantial proportion 

(54%) of dc mutants indumd by Ocnsely ionizing radiation showcd loss of 

the c-orb locus on the homologous chromosom, suggesting that the mutatons 

involve large-sc.alo jenetc changes, 

Hprt Induction vs. chromosomal scale induction by high LET: 

1. Kronenberg A. Gauny S; Criddlo K; Vannals D; Ueno A; Kraemer S; Waldren CA.  

Heavy ion mutagenests: linear eneTry mbI ,cff wffITs and gScdc linkago.  

Radiation and Environtnental Biophysics, 1995 Jun. 34(2):73-8.  
(UI: 95380618) 

Abstract; We have characterized a series of 69 Independent mutatfs at the 

endogenous hprt locus of hummn TK6 lymphohlasts and over 200 independent 

SI-deficient mutants of the human x hamster hybrid cell line AL arising 

spontaneously or following low-fluanoe exposures to dcnswly ionizing Fe 

ions (600 MVfamu, linear energy transfer - 190 keV/microns). We find that 

large deletions are common. The entire bprn gnr (;- 44 kb) was mhsing in 

19/39 Fe-inductd mutants, while only 2/30 spontaneous mutants lost the 

entire hprt coding sequenoo. When the gene of Interest (SI locus m MICI 

gene) I& located on a nonessontial human chromosome 1I, multilocus 

deletions of several million base pairs arn observed frequently. The SI 
Rrutration f-rquency Ig noroe hm S0-fold greater than the-frequency of hprt 

mutants in the amme cells. Taken together, these results suggest that 

luw-llucnce exposurvs to re lons wr often cytotoxio due to their ability 

to create multilocus deletions that may often include the loss of essential 

genes. In addition, the tumorlgenic potentlal of these 1-ZE heiivy iuns way 

be due to the high potential for loss of tumor suppressor genes. The 

relative insensitivity of the hprt locus to mutation Is likely due to tight 
linkage to a gene tMth Ir required for viability.  

General comment: (just me rambling, Howard, so wo can discuss this next 

week...) While it is imaginable that large scale deletions should theoretically 

require two double strand breaks, linear dose responses can still result it: 

The deletions result if one break is put in by the radiation and the second 

break Is enzymatically produced, 
The deletions result due to clustered ionizations; this can occur both for 

low LET radiation and for high LET radiiatlons.  

The mutations are totally non-targeted, and occur as a delayed effect In 

response to the radiation exposure.



NCRP Subcommittee 1-6 Linearity of Dose Response 

Chromosome Aberrations - Low doses and low dose rates of ionizing radiation 

1. Summary of types of DNA damage induced by low and high LET radiations 

(i) Single strand breaks 

(ii) Double strand breaks 

(iii) Base damages 

(iv) Multiply damaged sites 

This section will be a brief description of each of these types of DNA damage, referring 

back to Section 2 (lesions induced in DNA by ionizing radiations).  

2. Summary of modes of repair of different types of DNA damage 

"• Repair of oxidative damage 

Short description of basic enzymatic processes (review by Demple and Harrison, 

1994). Link to Section 2 (if covered there).  

"* Repair of strand breaks 

Short description of basic process (review by Jeggo et al., 1995; Jackson, 1996) 

describing similarities with V(D)J recombination, and role of Ku 70, Ku 80 and DNA

PKcs, p53 (p21 and GADD 45) in the process. Link to Section 2 (if covered there).  

It is possible that multiply damaged sites are difficult to repair, and have a high 

probability of producing an aberration.
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Repair, replication and cell cycle control 

Description of importance of an association of cell cycle arrest in G1 prior to replication, 

at G2 prior to mitosis, and perhaps in S and mitosis with DNA repair, so that DNA 

damage will not remain at the time of replication or division. Failure to repair will lead to 

chromosome aberrations. Describe known checkpoints and known association with 

DNA repair (Lydell and Weinert, 1996; Bates and Vonsden, 1996).  

Repair and the cell cycle 

Describe variations in repair rates in different stages of the cell cycle. (if not in Section 

2). Inducible genes (by DNA damage) might be cell cycle specific (Ch. 13 Friedberg, 

Walker and Siede).  

3. Mechanisms of formation of chromosome aberrations 

(i) Low LET radiations 

Errors of repair and replication 

Chromosome aberrations can arise by errors of DNA repair (GI and G2 , DNA not 

replicated proximate to exposure) and by errors of DNA replication (for a particular DNA 

region that is replicated fairly proximately to exposure). The types of aberrations 

(chromosome-type or chromatid-type) induced will be dependent upon whether they 

are produced prior to or after DNA replication. DNA dsb are converted into aberrations 

by misrepair; DNA base damages can be converted into aberrations by misrepair or S

phase replication errors. The process of aberration formation itself probably involves 

recombination repair rather than simple ligational errors (Preston, 1995). This would 

need a short description of the two basic models, breakage first and Revell hypothesis.
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* Deletions, intrachanges and interchanges 

These error processes can lead to different classes of aber.ration. A complete 

description of all types can be found in Savage (1997). For the present discussion it is 

only necessary to describe the basic classes. For both chromosome-type and 

chromatid-type aberrations, these are deletions (terminal and interstitial), intrachanges 

(rings) and interchanges (dicentrics and reciprocal translocations). Terminal deletions 

can arise from a failure of dsb to repair or a failure to complete recombinational repair of 

dsb or base damages. The other aberration types are a consequence of misrepair.  

Thus, aberrations can be used to measure repair kinetics and fidelity.  

(ii) High LET radiations 

* Errors of repair and replication 

As for low LET radiations. Higher frequency of aberrations per unit dose.  

Probability of converting DNA damage into aberration is higher for high LET radiations 

(misrepair more likely).  

* Classes of aberrations are the same as for low LET radiations. The relative 

frequencies of the different types is different for high vs. low LET radiations (Savage, 

1996; Brenner and Sachs, 1994).  

4. Shapes of dose response curves 

(i) Low LET radiations 

The dose response curves for all aberration types (chromosome and chromatid) fit 

the same general formula Y=-D+3D2 , i.e. they can be formed by a one-track or a two

track process. It has been suggested that the two processes involve different types of 

DNA damage (one-track DNA dsb; two-track DNA base alterations). The fact that all 

aberration types (including chromatid deletions and chromosome-type terminal deletions)
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fit a linear-quadratic curve suggests that some form of incomplete recombinational repair 

leads to all types, rather than simple breakage and misrepair or failure to repair. An 

exception might be multiply damaged sites that can lead to deletions if not repaired, but 

whose formation could be proportional to D2 (i.e. nonlinear with dose).  

* Effects of dose rate 

In simple terms, at low dose rates chromosome aberration dose response curves will 

be linear, the contribution from two-track aberrations will be negligible, thus, Y=cD. The 

aberration frequencies at low doses (<5cGy) will be effectively identical following acute 

or chronic exposures.  

(ii) High LET radiations 

The dose response curves for all aberration types are linear with dose, indicating a 

one-track process of formation of the DNA damage involved. Aberration frequencies are 

related to LET such that RBE increases up to a maximum at about 100 KeV/l. and then 

decreases at higher LET's. This increase in effectiveness can be due to the higher 

frequencies of adjacent DNA damages from the dense ionization tracks, and/or to 

differences in DNA damages produced (double strand gaps vs. dsb, for example).  

* Effects of dose rate 

Since the dose response curve for acute exposures is linear, exclusively one-track 

aberrations being formed, there is no reduction in yield or change in shape of the curve 

for low dose rates. The RBE for aberrations induced by low, chronic exposures 

(<5cGy) of high LET radiations will be similar to that for low level, acute exposures.  

5. Distribution of aberrations within and among cells - random vs. non-random 

(i) Intercellular distribution
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For LET radiations chromosome aberrations are distributed randomly among cells at 

high and low dose rates. For high LET radiations, as reflective of the distribution of 

ionization tracks, the distribution of aberrations is non random, with a higher than 

expected number of cells with multiple aberrations.  

(ii) Interchromosomal distribution 

The distribution among chromosomes might vary with cell type, for example, in 

lymphocytes higher frequency background aberrations than predicted at specific fragile 

sites, and some evidence for increase over expected in irradiated lymphocytes. Other 

examples of particular chromosomes being involved in aberrations more often than 

Poisson prediction for low LET exposures. No evidence for high LET radiations.  

(iii) Intrachromosomal distribution 

For low LET radiations, there is evidence showing that along a chromosome there 

are "hot spots" for aberration formation. These include light band regions and internal 

telomere-like DNA sequences. For high LET radiations, there is limited evidence to 

suggest similar localizations of aberrations.  

* Is there evidence that specific chromosomal regions are more or less susceptible to 

aberration formation? 

Thus, as indicated above, there is some evidence to suggest that specific 

chromosomal regions are more susceptible to aberration formation. There is also some 

evidence showing that DNA repair after ionizing radiation is non-uniform (most rapid in 

transcribed regions), whether this leads to more or less aberrations would be a matter for 

debate.
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6. Uncertainties in shape of dose response curve at low doses 

(i) Define non linear and threshold responses 

A nonlinear dose response, such as Y=c-D+i3D2 , will show a continually changing 

slope at high exposures but will be essentially linear at low exposures (5cGy). The 

magnitude of the low dose response will be defined by m. If m is small and P large, i.e.  

the curve approaches Y=D 2 , the slope at low doses will be greatly reduced compared 

to higher - values.  

A threshold response is one that has no increase in aberrations until some amount of 

dose (or DNA damage) is reached. The difference between a threshold response and 

that for Y=PD 2 at low doses will be insignificant, but will be significant for Y=-D+PD2.  

(ii) Effect of adaptive response 

In cases where an adaptive response has been demonstrated, (low LET radiations) 

the yield of aberrations is reduced by a factor of about 2. Thus, the shape of the curve 

at low doses will be reduced maximally by a factor of 2, but will still have a positive 

slope. It is possible (or arguable) that the adaptive response reduces the two-track 

component of the dose response curve, and thus will not result in any change of slope 

at low doses (<5cGy).  

(iii) Saturability of DNA repair 

Unlikely that DNA repair that correctly rejoins broken ends or completes the excision 

process would saturate at very low doses (<5cGy). Discuss whether or not DNA 

repair could be (or has been shown to be) error-free at low doses, i.e. would result in a 

threshold for chromosome aberrations. Less likely for high LET radiations.
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(iv) Inducibility of DNA repair - dose response and relationship to aberrations 

Studies of radiation-induced cell cycle check points have utilised high doses. Little is 

known about the operation of checkpoints at low levels of induced DNA damage. If a 

G1/S checkpoint is not induced at low Xray doses this could increase the chromosome 

aberration frequency as a result of replication errors on a damaged temp-plate. The 

outcome will be a steeper dose response curve, not a threshold.  

(v) Genetic susceptibility 

Genetic susceptibilities that would alter radiation sensitivity are most likely to be 

those that involve housekeeping processes such as DNA repair, DNA replication, cell 

cycle control genes. It is most likely that the outcome will be an increased slope at low 

doses, or a non-threshold, if the arguments above on how a threshold might be 

obtained.  

7. Association of chromosome aberrations to cancer 

How do studies of chromosome aberrations at low doses impact on cancer dose response? 

(i) Hematopoietic tumors 

Chromosomal alterations are most frequently translocation involving a breakpoint in 

the T cell antigen receptor loci or immunoglobulin loci and adjacent to an oncogene. The 

product is frequently a fusion protein (review by Rabbitts, 1994). There appears to be 

a single genetic alteration for any particular tumor type.  

Thus progression would be predicted to be rapid, and it is. Studies of the dose

response curve for chromosome aberrations and factors that influence those are 

pertinent to the dose response for tumor formation.  

(ii) Solid tumors 

0 Mammary tumors
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At the chromosomal level proposed that there are 5 morphological stages each 

involving specific chromosome alteration or gene mutation (Sandberg, 1993).  

Colorectal cancer 

Specific stages and associated mutations and chromosome losses described by 

Fearon and Vogelstein (1990). Involvment of mismatch repair processes.  

* Bladder cancer 

Proposed that there are 5 stages associated with gene alterations or 

chromosome losses (Sandberg, 1993). Thus, progression would be lengthy and 

multiple changes in single cell are needed. Studies of chromosome aberration induction 

at low doses would be partially useful for describing the tumor dose response curve.  

Multiple steps could allow for positive slope for chromosome aberrations, but threshold 

for tumors themselves.  

8. Biological dosimetry using chromosome aberrations 

Types of study 

Acute exposures 

A-bomb survivors (Awa et al.) long range retrospective 

Accidental, occupational exposures (Lloyd et al.) recent retrospective 

Medical exposures (e.g. Buckton et al., ankylosing spondolytics; Littlefield et al., 

childhood thyroid exposures) 

Chronic exposures 

Shipyard workers (Evans et al.) 

Atomic energy workers (Lloyd et al.) 

High background areas (e.g. Monozite sands)
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Data in general fit Y=o-D + PD2 for acute, and Y=o-D for chronic. Thus, they are 

not suggestive of a threshold. The simplest view would be no threshold for cancer 

given the role of chromosome damage and mutations in tumor formation. However, this 

might hold for hematopoietic tumors but not necessarily for solid tumors-multiple steps, 

one cell.  

9. Summary and conclusions 

(i) New information needed 

(ii) Studies to accomplish this 

"• Mechanisms of tumor formation better understood, especially role of specific mutations 

and chromosome alterations.  

"• Kinetics and fidelity of DNA repair at low doses.  

"* Inducibility of repair at low doses
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ONCOGENIC TRANSFORMATION IN VITRO 

1. Dose Response Relationships 
a) Rodentfibroblasts. Extensive data are available for 3T3 and C3H 10T1/2 cells for 

both high and low LET radiations. One of the most remarkable features of 

transformation in rodent cells is the high frequency, much too high to be accounted by 

a mutational event. This is not true for human cell lines. No-one has ever succeeded 

in transforming primary human cells with any dose of any type of radiation. Even 

immortalized human cells are transformed at only low frequency even by tx-particles.  

b) Human Cells. Dose response relationships are available for a hybrid cell line (HeLa 

normal fibroblast), missing a suppressor gene, and for a sarcoma line into which the Rb 

gene is transfected. Several point estimates are available of transformation frequencies 

for immortalized human epithelial cells exposed to ct-particles, but no dose response 

curves are available because the frequencies are several orders of magnitude lower 

than for rodent cells.  

2. Descriptions 
"* Dose response curves for rodent cells are empirical - molecular mechanisms are not 

understood.  
"* Frequency too high for the cause to be a single mutation.  

"* There is evidence that transformation is a multistage event and that the initial event 

may have a high probability.  

3. Shape of curve 
"* Most dose response curves appear to be linear at low to intermediate doses-reaching a 

plateau at higher doses 
"* Data are available down to doses of about 10 cGy of y-rays, or 1 cGy of neutrons.  

"* Marked variation of sensitivity through the cell cycle. Window of sensitivity of y-rays 

in G2/M.  
" There is some evidence that the dose response curve has a complex shape. While the 

data do not exclude the possibility of linearity at low doses, they suggest caution is 

needed to extrapolate from intermediate to low doses. This complex dose response 

curve may reflect the variation of sensitivity through the cell cycle.  

4. Dose-rate 
"* Sparing effect for low LET radiation. .  

"* Increased effect of high LET radiations shown for low dose-rate or fractionated 

exposures - the so-called inverse d/r effect.  

"* Biophysical models of the inverse dose-rate effect based on the variation of sensitivity 

through the cycle.  
"• The dose level at which all dose-rate effects disappear provides information in the 

relevant target size.



6. Modulation 
The frequency of transformation following a given X-ray dose can be modified by 

post-irradiation manipulations.  
"* Increased by tumor promoting agent (TPA) 

"* decreased by protease inhibitors 

"* The age-response function can be flattened by the post irradiation 

addition of TPA 

7. Genomic Instability 
Immortalized human epithelial cells show progressive instability following 

irradiation, involving chromosomal aberrations, loss of anchorage dependent and 

eventually the ability to form a tumor in immune suppressed animals. These phenotypic 

changes are paralleled by changes at the molecular level, including p53 mutations and an 

overexpression of cyclin D1.



ncrp sc 1-6 B 
II. Animal Models and In vivo-In vitro Studies 

I. Introduction and Generalizations 

It seems to me that if there is general agreement about a series of 

premises, the data can be more readily interpreted. Perhaps we can discuss 

the following in more detail: 

* Are the following generalizations and inferences about radiation effects 

and carcinogenesis generally acceptable? 

1. Carcinogenesis is a multistage process, minimally involviig 
initiation , vromoition and vrogression 

2. In most instances, radiation carcinogenesis experiments deal with 

radiogenic initiation, infrequently with radiogenic promotion.  

3. The single radiation dose-carcinogenesis response relationships of 

greatest interest to the Committee are those that predominantly 
presuppose radiation to be acting as the initiator.  

4. The multipl' low radiation dose-carcinogenesis response and the 

low radiation dose rate-carcinogenesis response relationships may 

involve radiation as an initiator and/or a promoter.  

5. Radiation causes both point mutations and chromosomal breaks 

with rearrangements during repair. Such genetic events in 

unirradiated or otherwise treated mammalian cells occur at frequencies 

of 10-7 - 10-5 per cultured cell generation, and are increased by one to 

Lhree orderz uf magnitude by radiation doses that permit significant cell 
survival.  

6. Radiation causes non-mutational ("epigenetic") events or 
processes such as chromosomal instability and increased chromatid 
exchange rates, changes in DNA methylation patterns which alter 

gene expression, and induction of some specific enzymes. These effects 

occur at very high frequencies in cultured cell systems and some of 

them persist for two to several cell generations.  

7. Leukemias arise from pluripotential or contuitted incompletely 
differentiated precursor cells.
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8. Carcinomas also most generally arise from incompletely 

differentiated cells, either precursor cells or cells that have 

dedifferentiated. Such cells generally represent small subpopulations 

of the total epithelial cell population of a tissue.  

9. Where measured, radiogenic initiation is a highly common event 

within the relatively small subpopulations of cancer susceptible cells.  

*blfene-Ah Hence although the possibility of initiation by a 

mutation at any one of a large number of genetic loci can not be 

excluded, radiogenic initiation is most likely to generally be an 

epigenetic process. The mutations that become prominent during 

carcinogenesis may be rare later events that occur during 

promotion/progression and are increased in frequency by the 

radiation-induced epigenetic changes or promoting conditions.  

Alternatively, in some cases such mutations may be the result of 

expansion of small populatiunm of preexisting mutant cells.  

*Inf gnCe-V: Radiogenic promotion by chronic exposure to radiation 

at low dose rates or to multiple small doses at high dose rates may 

act through the same epigenetic pathway(s) as are responsible for 

initiation.  

*Inference #3: Those conditions which stimulate terminal 

differentiation would be expected to reduce the frequency of 

progression to cancer.
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Annotated Outline of Epidemiologic Material for NCRP SC 1-6 on 

Low-Dose Linearity 

Interpretation of epidemiologic data 

Weight of evidence approach 

0 Examine the consistencies in all good-quality sources of data 

** Two approaches will be taken. When dose-response data and analyses are 

available for relevant cancer endpoints, these will be presented. In addition, the 

risks seen in the strongest of the low-dose worker (or other) studies will be 

summarized.  

0 Recognize that small numbers & subgroup analysis can lead to apparent 

irregularities in the data 

** Will discuss the limitations of epidemiologic data, particularly in the low-dose 

range. There are reciprocal issues of detecting a risk and of ruling out large risks 

at low doses.  

Cautions in use of epidemiologic data to evaluate low-dose effects 

Weaknesses of some study designs 

** Both ends of the spectrum of preconceptions (i.e., the hormesis camp and the 

catastropic-risks camp) have placed undue reliance on selected results that are 

generated by weak studies. This section will aim to provide some qualification 

and tempering of the interpretation of data from weak studies.  

0 Aggregate ("ecological") studies 

** Greenland and others have pointed out the large potential for (generally 

undetectable) biases in this type of study. Several of these will be summarized, 

and it will be mentioned that they apply to various studies in the literature (e.g., B 

Cohen's radon-lung cancer study).  

0 Case-control studies 

* * Problems here have to do with sample selection biases, and especially with 

information bias in the case where people's self-reports are used to characterize 

past exposures.

o Limitations of epidemiologic data



** For risk assessment, epidemiologic data are usually high on validity but low in 

precision.  

0 Reduced statistical power and precision in the low-dose range 

** Examples will be given of how power & precision diminish at lower doses.  

The implication will be emphasized that null results in such circumstances are not 

a strong basis for inferring no effect.  

0 Few data available permitting high- and low-LET comparisons 

** The main high-LET data are the radium dial painters, thorotrast patients and 

radon-exposed workers.  

0- Heterogeneity of human populations 

0 Leads to less precision in risk estimates 

0 Genetic, age and gender variations provide insights 

** Heterogeneity potentially stems from the amounts and types of other 

carcinogenic exposures, as well as genetic and other factors. Substantial gender 

variations occur for only a few cancer sites. Age variation may apply to a number 

of sites, although thyroid and breast are perhaps the most marked. Genetic 

variation will be discussed in another section, below.  

0 Heterogeneity among studies due to variations in radiation parameters 

** Variations in dose rate or dose fractionation, total dose (or dose range), 

localized vs. total-body irradiation, mixed types of radiation (gamma, neutron, 

etc.) 

Examination of epidemiologic data for dose-linearity and low-dose risks 

* Desirable characteristics of an epidemiologic model system 

** Tumor site with low background rate and high radiation sensitivity; groups 

with substantial and well-quantified exposures, long follow-up period.  

Major sources of information: 

"* RERF atomic bomb study 

" -10 large medical-irradiation series that have informative data for various cancer 

sites.  

"* A few case-control studies that have objective (rather than self-report) data
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* A few of the largest radiation-worker studies (where large is defined in terms of 

person-year Sv).  

Review of dose-linearity & low-dose data for various cancer sites 

* Leukemia 

0 Postnatal exposure 

** Review of dose-response data and selected low-dose studies (see Science, p.  

1821-22, 29 Mar. 1996; BEIR V; UNSCEAR 1994) 

0 Prenatal exposure 

** Review of the available case-control studies (of which the Stewart-Kneale and 

study is the largest) and of cohort studies (mainly MacMahon-Monson study).  

Comparison with Japanese atomic-bomb results 

"* Thyroid cancer 

** Variety of studies available with external radiation (little fractionation) and a 

few with radioiodine exposure. Strong age effect discussed.  

" Breast cancer 

** Summary of available studies with dose-response data. Age effect discussed.  

Interactions of radiation with other risk factors for breast cancer.  

"* Lung cancer 

0 Inverse dose-rate effect for high-LET radiation (radon) 

0 Direct dose-fractionation effect for low-LET radiation (fluoroscopic 

examinations) 

** Also comparison of radon and atomic-bomb risk estimates. Evidence on 

dose-response relationships.  

"* Colon cancer 

** Examination of shape of dose-response curves. Status of findings from low

dose groups.  

Impact of host susceptibility factors on dose linearity 

** Theoretical impact of this. Mention GAO report (Libossi ?) thesis.  

Implications of this for a dose threshold.
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* Known genetic factors 

0 Retinoblastoma and Rbl gene 

** Summary of findings re: susceptibility to radiation-induced cancers.  

0 Nevoid basal cell carcinoma syndrome 

** Summary of findings re: skin cancer induction by radiation.  

* Possible genetic factors 

0 Potential to examine genetic heterogeneity for breast cancer - BRCAl, BRCA2, 

ATM 

** Controversy regarding ATM heterozygotes (Michael Swift). What evidence is 

available regarding radiation-sensitivity for breast cancer and the BRCA1/2 

genes? 

0 Colon cancer mismatch repair genes (MSH2 and MLHI) and APC gene 

** Any indications of radiation-sensitivity in those with mutated genes? 

Interactions of radiation with other agents 

"* Lung cancer - smoking 

** Radon & smoking; atomic-bomb & smoking.  

"* Skin cancer and UVR 

** Magnitude of ionizing radiation risk for skin cancer in darker colored 

populations compared with caucasian populations.  

Implications of Epidemiologic Data for Dose Linearity 

"* Relate to existing models 

** Linear-quadratic formulation or Moolgavkar models both show some risk at 

low doses.  

"* Discuss how alternative models (e.g., threshold model) would have to be shown 

superior (in multiple/pooled studies) before non-linearity could be accepted 

** Not sufficient to pluck out a few studies as cases-in-point for a threshold, 

because of the low statistical power in such studies.  

Major gaps in information

4



"* More information on protracted or highly fractionated radiation exposures.  

" Information on how genetic factors affect radiation risk.  

"* Information on the temporal course of risks, especially in relation to the influence of 

types of malignancy, age, gender and genetic factors.  

* Low dose studies have limited precision and possible biases, so it is unlikely that 

epidemiologic data could ever provide definitive results that would conclusively 

demonstrate a threshold or a hormetic effect.
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NCRP Call For Scientific Data

The National Council on Radiation Protection and Measurements (NCRP) has 

established a scientific committee to review data relevant to the shape of the dose response 

relationship for mutagenic and carcinogenic effects of ionizing radiation at low doses. The 

Committee will complete a major survey of the available experimental and clinical 

literature, but to assist it in ensuring that important scientific data are reviewed, the 

scientific community is invited to provide relevant references and/or data to the Chairman of 

the Committee, Arthur C. Upton, by September 30, 1996. Responses should be mailed to: 

7910 Woodmont Ave., Suite 800, Bethesda, MD 20814-3095, Attention: Dr. A.C. Upton, 

Chairman, Scientific Committee 1-6.
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May 3, 1996 

Dr. Arthur Boyer 
Physics in Medicine and Biology 
M.S. Anderson Cancer Center 
Radiation Physics-Box 94 
1515 Holcombe Blvd.  
Houston, Texas 77030 

Dear Dr. Boyer: 

The National Council on Radiation Protection and Measurements 

would be most grateful if the enclosed could be published as a notice in one or 

two future editions of your publications.

Sincerely yours, 

W,. Roger Nej 
Executive Director

WMB/myf 
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