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Summary

Fibroblasts were established in vitro from skin biopsies obtained from 55
women and one man with or without breast cancer and with or without exposure
to radiation from the atomic bomb explosion in Hiroshima. The radiosensitivity
of these cells was evaluated by clonogenic assays after exposure to X rays or to
fission neutrons from a 2°2Cf source. Data were fitted to a multitarget model, 8/8,
= Al1 — (1 — eXP)N], for both X-ray and neutron dose-survival curves. A single-hit
model, S/S, = Ae*P, fits the neutron dose-survival responses as well. There was
no difference in the means or variances of radiosensitivity between exposed and
nonexposed groups, or between patients with or without breast cancer. Hence,
although the sample is not large, it provides no support for the hypothesis that
A-bomb radiation preferentially induces breast cancer in women whose cells in
vitro are sensitive to cell killing by radiation.

i Full Japanese text will be available separately.
A paper based on this report has been accepted for publication by Cancer Research.
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Introduction

Epidemiological studies have shown a significant, dose-dependent increase
in breast cancer incidence among survivors exposed to A-bomb radiation.’
Other studies have also shown that breast tissue is especially sensitive to the
carcinogenic effect of exposure to ionizing radiation.?

An increased risk of cancer due to radiation exposure may be associated with
abnormal in vitro sensitivity of cells to the lethal effect of ionizing radiation. In
vitro radiosensitivity has been studied using numerous skin fibroblast strains
obtained from normal individuals as well as from patients with cancer-prone
hereditary diseases. These studies have demonstrated that the cells of patients
with hereditary diseases, such as ataxia telangiectasia (AT)? and xeroderma
pigmentosum (XP),* show unusual sensitivity to X rays or ultraviolet (UV)
radiation, and that there is a wide variation in radiosensitivity within normal
human populations.>® Weichselbaum et al®'° reported that hereditary and D-
deletion retinoblastoma cells are significantly sensitive to X rays, which led
to the hypothesis that radiosensitivity is linked to neoplastic susceptibility
in retinoblastoma cells.!'~'3 Based on Weichselbaum et al's data, it could be
hypothesized that A-bomb survivors with breast cancer tend to be those whose
cells are most susceptible to damage by radiation (the “high susceptibility”
hypothesis).

Stewart and Kneale'*!® have hypothesized that A-bomb survivors may not
include radiosensitive persons because they died early of acute infections (the
“selection” hypothesis). For this reason, cancer risk among A-bomb survivors
may be an underestimate for the general population. If this hypothesis were
correct, the A-bomb survivor population would include mainly radioresistant
persons who would be less prone to develop radiogenic cancer and therefore may
not be representative of the radiosensitivity of the general population.'®

To test these two hypotheses, we have measured the in vitro radiation
sensitivity of fibroblast cell strains derived from skin biopsies from individuals
with or without breast cancer as well as with or without exposure to A-bomb
radiation. Breast cancer was chosen, because the low spontaneous incidence of
this disease in the past among Japanese women makes it very likely that any
given case among the more heavily exposed survivors would in fact be radiogenic.
As it turned out, we were not as successful as had been hoped in obtaining biopsies
from women in the high exposure breast cancer category. Nevertheless the results
reported below provide at least some test of the hypotheses.

Materials and Methods
Skin tissue

Table 1 lists the donors by age at the time of skin biopsy, by A-bomb radiation
dose (DS86 kerma and DS86 organ [breast] dose'”'®), and by the presence or
absence of breast (or other) cancer. From 1984 through mid-1987, 56 cell strains
were established in vitro: 55 from female donors, and 1 strain from an unexposed
male with stomach cancer.



Table 1. Age, dose, presence or absence of breast cancer, other cancer tissues from skin tissue donors, and coefficients of
dose-survival responses calculated using equation (2), S/Sg=A[1 — (1 — '0)¥]

Donor  Age DSseey Breast Other e =

Cell strain age ATB® —— _ Epilaton cancer cancer(s) No. of Dip< SE Dp+ SE D1o Do
Kerma  Breast repetitions (Gy) (Gy) NxSE Gy) (Gy) N
SFa1 41 Q 0 = 3 272 013 113 011 13 02 183 081 1.0
2 40 0 0 - 3 280 008 106 006 1.7 04 141 056 1.2
3 54 ¢} 0 = iF 227 014 103 010 1.0 02 1.24 0.51 1.2
4 14 0 0 = 6 218 007 o088 o001 12 01 119 052 10
5 33 0 Y = 2 275 016 120 004 10 02 121 054 09
6 42 0 ] =5 4 297 013 113 006 1.4 0.4 1.78 0.86 08

7 27 0 0 = 2 285 005 118 0.01 12 041

8 54 0 0 - Chest 3 319 029 120 007 15 02 149 0.64 1.0
9 55 0 4] - 8 282 019 1.04 0.10 16 02 1.49 0.57 1.4
10 60 0 0 > Uterus 2 250 044 083 000 21 03 120 05 09
11 51 0 ] = 4 321 016 104 006 22 01 193 o082 10
12 73 0 0 = 2 286 021 1.19  0.04 12 03 177 0.76 1.0
13 58 0 g e Thyroid, colon 4 286 017 097 006 20 02 194 0.88 0.9
14** 83 0 V] = Stomach 2 300 0.01 121 002 12 00 1.65 0.60 1.6
15 38 0 4] = 2 285 0.14 1.00 0.01 1.8 03 1.60 0.76 0.8

Average 280 o007 107 003 15 01 155 067 11

Human skin fibroblast (SF) cells were derived from nonexposed individuals without breast cancer (SFa), nonexposed individuals with breast cancer (SFb), exposed {Continued)
individuals without breast cancer (SFc), and exposed individuals with breast cancer (SFd).

SF10 was exposed In utero at 3 km or more from the hypocenter. Kerma cannot be calculated for the SFc2 and SFd2 groups. Dose is unknown for SFc2-7, SFc2-8,
SFd2-11, SFd2-12, and SFd2-17, although these donors are registered in RERF's master file.

RERF’s records show that the donar of SFd2-12 was exposed at 467 m from the hypocenter, although the shielding circumstances are unclear.

Epilation: The plus sign (+) means that epilation on more than a guarter of the head occurred within two months of the explosion. Use of the minus sign (-) means
no epilation occurred.

* At the time of the bombing  ** Male TE:pcsed in utero

06-9 H1 4H3H



Table 1 (Continued)

Donar  Age D386 (Gy) Breast Other ol e

Cell strain age ATB® Epilation  cancer cancer{s) No. of Dig= SE Dg=+ SE Dig Dy
Kerma  Breast repetitions (Gy) (Gy) N+ SE ©Gy) (@) N
SF b 1 25 Q (+] + 2 275 009 109 003 13 02 193 0.82 1.0
2 55 a 0 + 4 2597 0.04 099 003 21 0.2 1.82 0.80 0.9
3 53 0 0 + 5 246 024 090 004 22 04 1.45 0.63 1.0

4 50 0 a + 2 284 000 117 003 12 04

5 55 0 0 + 4 244 025 1.02 0.08 14 0.1 1.84 0.75 1.2
6 38 o 1] + 4 282 0412 111 005 123 02 1.7 0.60 1.8
7 40 0 a + 2 292 006 120 0.01 11 04 1.57 0.66 14
8 53 4] [¥] + 4 3.40 045 122 0. 1 a2 163 0.75 0.9
9 70 0 o] + 3 302 008 113 0.03 15 02 182 0.56 1.8
10 a0 0 0 + 4 300 049 123 006 12 01 128 065 07
11 57 0 0 + 3 269 o022 081 0.04 3.1 0.8 1.78 0.93 0.7
i2 55 0 0 + 2 264 008 077 008 39 19 150 0.58 1.3
13 70 0 0 + 4 317 007 103 007 25 06 122 049 12
14 41 0 ¢] + & 263 0.18 1.19 013 09 041 1.22 0.47 1.3
15 59 0 0 + 5 295 008 116 003 13 01 168 076 09
Average 285 007 107 004 18 02 153 (068 g P

(Continued)
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Table 1 (Continued)

X rays 25201
Donor  Age DSa8:(Gy) Breast Other
Cell strain age ATB™ Epilation  cancer cancer(s) No. of Dyp£SE Dg+ SE Dyo Co

Kerma  Breast repetitions (Gy) (Gy) N£SE ) @ N
SF c1-1 43 3 1.488 1.260 + - 5 244 047 082 o008 18 05 1.74 0.76 1.0
2 50 12 0.958 0.824 = - 2 284 008 119 004 11 00 123 048 1.2

3 57 18 0.320 0.280 - - 2 318 0.04 121 002 14 04
4 56 18 0.023 0.0189 - - 3 3.1 0.27 1.26 0.07 1.2 04 1.30 0.56 1.0
5 48 3] 0.098 0.094 - - 2 310 021 128 005 s | 01 1.80 0.81 09
Average 293 014 147 007 13 04 152 066 1.0
SF c2-6 52 13 unknown - 2 298 004 127 004 111 0.0 1.20 0.47 1.3
7 70 30 unknown - 7 278 013 093 004 21 02 152 0.70 (o J: ]
8 52 1 unknown - Thyraid 2 277 021 098 o001 18 04 150 0.62 1.1
L 62 21 unknown - 2 2.9 0.03 112 0 14 00 1.59 0.72 0.8
Average 287 005 108 008 16 02 145 063 11
Average of SF ¢ 290 008 113 005 14 01 149 064 10
(Continued)

06-9 HI 4H3H



Table 1 (Continued)

Donor Age Dese{y) Breast Other iaid i
Cell strain age ATB* Epilation cancer  cancer(s) Nao. of Dyp£ SE Do+ SE Dqp Dg
Kerma  Breast repetitions (Gy) (Gy) N+ SE @) (Gy) N
SF d1—1 52 13 3.286 2.882 + + & 305 on 115 006 15 041 146 083 1.0
af 38 0.054 0.038 + 2 221 0N 081 013 18 05 1.90 0.93 0.8
3 76 36 0.234 0.220 = + 2 290 001 123  0.01 1.1 0.0
4 83 25 0.057 0.054 - + 6 3.59 0.4 123 005 22 04 1.64 0.76 0.9
5 80 19 0.067  0.057 - + 4 310 017 087 008 26 04 137 082 08
6 47 5] 0.625 0.595 o + 4 304 014 102 005 22 04 156 079 0.7
7 57 16 0.852 0.596 + + 4 255 0.22 092 0.05 19 04 1.80 0.91 0.7
8 58 17 2.047 1.547 + + 7 3.11 0.08 105 005 23 04 1.84 0.89 0.8
g 45 4 0508  0.482 - + 2 283 014 110 006 13 00 148 072 08
10 89 47 0.180 0.183 = 2 3.27 0.02 125 0.06 14 02
Average 297 0412 107 005 18 02 1.63 0.78 0.8
SF d2—11 48 10 unknown + + 2 285 004 108 012 16 05 178 0.83 0.9
12 54 15 unknown + + 3 289 022 089 008 21 0.2 1.97 0.87 1.0
13 72 33 unknown + 3 302 o 118 009 13 02 1.35 .60 0.9
14 69 29 unknown + 4 293 042 104 007 18 05 15 073 08
15 60 19 unknown + 5 294 019 115 006 13 01 159 079 07
16 55 12 unknown + 2 262 008 084 001 24 03 147 067 09
17 53 11 unknown + 3 3.00 o007 1.3 0.02 1.0 041 1.51 0.67 0.9
Average 29 0.05 1.08 0.06 16 02 1.60 0.74 08
Average of SF d 284 007 108 003 18 04 1.62 0.76 0.9
Average of groups 287 003 109 o001 16 041 156 069 1.0

069 HI 4534
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The skin tissue of breast cancer patients was obtained from the chest at the
time of surgery. Other skin tissue, except sample SFcl-2, was obtained from the
neck, chest or abdomen. From the donor of SFcl-2, normal skin tissue in the
proximity of epidermal inclusion cysts of the right upper arm was obtained.

Establishment of primary culture cells

Skin tissues were washed thoroughly in phosphate-buffered saline supple-
mented with antibiotics (penicillin and streptomycin) after confirming the absence
of keloids and moles. Tissues were minced into 1 mm® or smaller pieces and
put inte alpha MEM culture solution (GIBCO, Grand Island, NY) containing
approximately 30% fetal calf serum (FCS). After 3—5 days, the culture solution
was replaced with alpha MEM supplemented with 15% FCS. After 10-14 days,
cells proliferating and expanding from the tissue pieces were harvested and
collected for subsequent subculture. Primary cell strains are denoted by the
prefix SF (skin fibroblasts).

AT skin fibroblasts

AT cell strains with the prefix GM were obtained from the NIGMS Human
Genetic Mutant Cell Repository (Camden, NJ). AT3BI and AT5BI used in the
survival assay for 252Cf radiation were obtained from Dr. O. Nikaido of Kanazawa
University and were eryopreserved in liquid N,.'?

Culture medium

Alpha MEM with 15% FCS medium was used for maintenance and subculture
for most of the experiments. In some X-ray cytotoxicity assays, Dulbecco’s
modified Eagle MEM (GIBCO, Grand Island, NY) culture solution supplemented
with 15% FCS was used. Alpha MEM with 5% dimethylsulfoxide (DMSO) plus
20% FCS was used in the cryopreservation of cells. To harvest the cells, 0.25%
trypsin with 0.01% EDTA solution was used.

X-ray irradiation

Actively growing cells were harvested and suspended in growth medium, after
which 1 x 10° cells (1 mL) (estimated by using a Coulter counter) were put into a
plastic test tube (Corning Co., Corning, NY) and irradiated at room temperature.
Two types of X-ray generators were used due to a change in the irradiation
facility. Both generators gave similar results. One generator was operated at
250 kVp, 30 mA, 0.5 mm Cu plus 1.0 mm Al external filtration, and at a dose
rate of 0.9 Gy/min. The other generator was operated at 220 kVp, 8 mA, 0.3 mm
Cu plus 0.5 mm Al, and at a dose rate of 1.0 Gy/min. The dose rates in air were
measured with a Victoreen condenser chamber at room temperature. AT cells
received doses of 0, 0.25, 0.5, 1.0, 2.0, and 3.0 Gy, and SF cells received doses of
0, 0.5,1.0, 2.0, 3.0, 4.0, 6.0, and 8.0 Gy. Each X-ray experiment on SF cells was
repeated 2-7 times (Table 1).
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Neutron irradiation

Actively growing cells (3 x 10° or 1 mL) were put into a test tube (Pyrex
glass, inner diameter 15 mm, length 125 mm) and irradiated at the Research
Institute for Nuclear Medicine and Biology of Hiroshima University. Each tube
was set up in one of eight aluminum tubes (inner diameter 18 mm, length 120
mm, 1 mm thick) located 8 cm from the center of a continuously rotating table.
Neutron irradiations were carried out at room temperature using a stainless
steel encapsulated 252Cf source (length 17 mm, diameter 9.5 mm, Type X-35,
Amersham International p.l.c., Buckinghamshire, UK) located at the central axis
of the radiation device.”’ The dose rate, as determined using a Three-Terminal
Ionization Chamber (Types IC-17 and IC-17G, Far-West Technology, Inc., Goleta,
Calif) and a Fricke dosimeter, was calculated at 1.18-1.34 ¢Gy/min. The neutron
to gamma-ray dose ratio was 2.0. Following irradiation at 0, 0.25, 0.50, 0.75,
1.0, 1.5, and 2.0 Gy, cells attached to the glass tube wall were harvested with a
trypsin-EDTA solution.

Clonogenic assay for cell survival

Immediately after irradiation, appropriate known numbers of cells were
seeded into 10-cm-diameter plastic culture dishes (six dishes at each dose point)
(Corning Co., Corning, NY) and cultured for 10-14 days in 95% air plus 5% CO,
at 37°C, During this period, the culture solution was changed once or twice. The
colonies were fixed with ethanol and stained with Giemsa. Colonies composed of
50 or more cells were scored, and plating efficiencies and percentage survivals
were calculated.

Curve fitting and data analysis
The dose responses were analyzed using a single-hit model,

S/S, = Ae*? | (1)
and a multitarget model,

SISy = All — (1 — e®)N] | (2)

where D is the dose in gray and S/S, is the surviving fraction at dose D. D,
the dose that causes the straight-line portion of the survival curve to decrease to
37%, is —1/k. N-A is the point where the extrapolated straight-line portion of the
curve intersects the survival axis. The slope, k, and intercept, N, of each survival
curve are estimated by least-squares regression analysis as the parameters of a
nonlinear function, which avoids the assumption that all observed dose-response
points are on the exponential portion of the survival curve. For equation (2), the
logarithm of the surviving fraction is represented by the survival model,

In(S/Sy) = In(A) + In[1 — (1 — e*P)N] | (29
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where In(A) is the intercept of the equation, In(N) + In(A) is the extrapolation
intercept of the linear part of the equation, and k is the slope of the linear
part of the equation. All of the data points, including the control, are used to
estimate the parameters of the equation. The parameter A is introduced to avoid
the restriction of forcing equation (2') through zero, In(1), at zero dose. This
recognizes the fact that survival at zero dose is measured and thus has an error,
and it permits the estimation of k and N independently of this one dose point.
A nonlinear least-squares program was used to estimate the parameters of the
model. D,,, the dose necessary to reduce survival to 10%, was calculated from
the appropriate equation using the best fit values of k, N, and A. Dose-response
curves were computer-generated using the BMDP6D program (BMDP Statistical
Software, Inc., Los Angeles, Calif).

Results

The average X-ray survival curve values for the SF cell strains are given in
Table 1. Those for parallel experiments with AT “positive control” cell strains
are given in Table 2. The average survival curves for the four groups of SF cell
strains and for the AT cell strains are depicted graphically in Figure 1. For the
AT strains, the curves were best fitted by equation (2), with D, (= —1/k) values
in the range of 0.49-0.66 Gy. Equation (2) was also fitted to the data for the SF
strains. D, values for the SF cells ranged from 0.77-1.31 Gy in these analysis.
There was little effect of the donors’ age on in vitro radiosensitivity (Table 1). The
correlation coefficients and p-values between age and average D, , for X rays were,
respectively: SFa, 0.34 and 0.22; SFb, 0.23 and 0.40; SF¢, 0.22 and 0.56; and SFd,
0.50 and 0.04. Moreover, although colony-forming ability at zero dose (plating
efficiency) ranged from 0.02-0.56 in individual experiments, radiosensitivity was
not significantly associated with plating efficiency. The correlation coefficients
and p-values between plating efficiency and the average D,, for X rays were,
respectively: SFa, 0.29 and 0.29; SFb, —0.11 and 0.70; SFe¢, —0.09 and 0.82; and
SFd, 0.16 and 0.53. A one-way analysis of variance was performed to test whether
the mean D, differed among the 56 individuals. The result was significant at p
< 0.001, with Fy;,4, = 2.98.

Table 2. Survival curve parameters of ataxia telangiectasia cell strains

X rays 25204
Cell strain Bl B - Dyo D, .
(Gy) (Gy) (Gy) (Gy)
AT3B1 1.52 065 11 093 0.40 10
AT5B1 1.59 0.66 1.1 1.06 0.48 1.0
GM2052 1.07 0.50 0.9
GM2530 1.49 0.62 11
GM3395 1.20 0.49 1.2
GM3487 1.59 0.57 1.7
GMB48 1.36 0.60 1.0
Average 1.40 0.58 1.2 1.00 0.43 1.0
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Figure 1. Survival curves following X irradiation of ataxia telangiectasia (AT) cells and skin
fibroblast (SF) cells. AT cells received doses of 0, 025 05, 1.0, 20, and 3.0 Gy,
whereas SF cells received doses of 0, 05, 1.0, 20, 3.0, 40, 6.0, and 8.0 Gy (dose rate:
0.9 or 1.0 Gy/min). Lane AT: cell strains AT3BI, AT5BIl, GM648AT, GM2052AT, GM2530AT,
GM3395AT, GM3487AT. Lane a: skin cells derived from 15 nonexposed individuals without breast
cancer. Lane b: skin cells derived from 15 nonexposed individuals with breast cancer. Lane c: skin cells
derived from 9 exposed individuals without breast cancer. Lane d: skin cells derived from 17 exposed
individuals with breast cancer.

Repeated X-ray survival assays were conducted using cell strains established
from new biopsies of two subjects (Table 3). There was little difference
between the average values of three parameters for two strains of each patient,
suggesting that radiation sensitivity of skin fibroblasts was a genetically stable
characteristic.

According to the new dosimetry system (DS86), the estimated neutron dose in
Hiroshima is about one-tenth of the T65D estimate. However, it is well accepted
that the lethal effects of neutron exposure are greater than those for X rays.
Figure 2 shows the dose-survival responses from two tests of four SF cell strains
exposed to 2°2Cf radiation. The dose responses were best fitted by equation (2).
The N and D, values obtained are listed in Table 1 for SF cell strains and in

10
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Table 3. Comparison of survival-curve parameters of cell strains established from

the repeated biopsy samples of two

women. Average: the mean & SE

Experiment

010 DEI

Strain Date of biopsy number (Gy) (Gy) N
SFb 2 23 January 1984 20 3.09 1.05 1.9
596 298 0.90 28
2114 2.93 1.01 1.9
Average 2804005 0994004 22403
2 February 1984 583 291 1.01 18
SFd 1-1 4 June 1984 7 3.40 1.25 15
643 2.73 0.94 1.8
667 3.07 1.27 1.1
Average 3074019 1154011 15402
10 July 1984 645 3.07 1.12 1.6
846 2.99 1.15 1.4
Average 3034004 1144002 15401
100 ]
-f Figure 2. Survival curves for irradiation of four
- 1  skin fibroblast strains with 252Cf radiation, Different
; —  symbols represent data from two independent ex-
& . periments for each strain. Cells received doses of
2 4 0, 0.25, 0.50, 0.75, 1.0, 1.5, and 2.0 Gy. Dose
§ responses were fitted to equation (2), S/S; = A[1
s 1 - (1 -, Dose rates: 1.178-1.337 cGy/min.
o Ratio of the neutron dose to gamma-ray dose: 2.0.
! & g oe:SFal10, A A: SFal3,
- 4 ©®:srb2, OM: SFco.
0.5 -
0_1 1 L 1 1
0 0.5 1.0 1.5 2.0 25

252G1 dose (Gy)

11
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Table 2 for two AT cell strains. Dy values for SF cells ranged from 0.47-0.93
Gy. Because the N values of the dose-response curves of the cell strains differed,
radiosensitivity was compared by means of the D,, values (Table 4).

Table 4. Comparison of D,y values and RBE values (4 SE). Data were
fitted to equation (2) for X-ray survival curves, and to equations (1) and
(2) for survival responses after exposures to ?**Cf radiations. RBE values
were calculated using D values obtained from equation (2)

S/8, = Ae'? 8IS, = A[1 - (1 - eO)N)
Group RBE
252Gt (cQy) 252Gt (cGy) X rays (cGy)
SF a Toe 27 155 + 26 280 + 28 1.83 £+ 0.23
SF b 158 + 23 159 + 22 285 + 25 1.83 + 0.34
SFe 148 + 23 148 + 21 290 4 21 199 + 0.35
SFd 163 £ 18 162 = 19 294 £ 29 1.84 £+ 0.30

;"‘E*‘“ *  156.0 + 3.1 1563+ 28 2873+ 30  1.87 &+ 0.04

The mean D,, value of 56 SF strains after X-ray irradiation was 287.3 4
3.1 (SEM) ¢Gy. The mean D,, value of 51 SF strains after exposure to 2°2Cf
radiation was similar for both models: 156.0 + 3.1 (SEM) ¢Gy for equation (1)
and 156.3 + 2.8 (SEM) ¢Gy for equation (2). This correspondence is expected
because the values of N were very close to 1 using equation (2). Although the
dose rate of X rays was higher than that of °2Cf radiation, the mean value of the
relative biological effectiveness (RBE) was 1.87. If the assumption is made that
the gamma-ray component and the neutron (n) component act independently, the
RBE of #*?Cf neutrons (RBE,) can be calculated as follows:

RBE —f
RBE, = L_?_'r_‘f) ,

n

where f represents the fraction of the dose due to neutrons or gamma radiation.
The RBE, of 2*2Cf radiation to high-dose-rate X rays was calculated as 2.29.

Figure 3 compares the D,, values for X ray and ***Cf radiation, using equation
(2). The two AT strains showed the lowest values for both types of radiation.
There was no correlation between X-ray sensitivity and neutron sensitivity among
51 SF cell strains (correlation coefficient, 0.092; p-value, 0.52).

To examine the selection theory of Stewart, SF cells were grouped by dose
(DS86) (Figure 4). D,, values for X-irradiated AT strains ranged from 1.07-1.59
Gy. D,, values of SF strains ranged from 2.18-3.40 (mean + SEM = 2.82 + 0.05)
Gy in 30 individuals of the nonexposed group, 2.21-3.59 (2.98 + 0.10) Gy in 12
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individuals of the group exposed to 0.01-0.99 Gy, 2.44-3.11 (2.87 + 0.21) Gy in
three individuals of the group exposed to doses above 1 Gy, and 2.62-3.02 (2.89
+ 0.04) Gy in 11 individuals exposed to unknown doses. No cell strains exhibited
X-ray sensitivity comparable to AT cells among the 56 SF cell strains studied.
The X-ray sensitivity of 30 individuals of the nonexposed group (Figure 4a) and
26 individuals of the exposed group (Figure 4b-d) was widely distributed, but
there was little difference in distribution between the two groups. Moreover, the
group exposed to a high dose (1 Gy or greater) was not skewed towards X-ray
resistance.
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Dy, after X irradiation (Gy)

Figure 3. Comparison of the Dyg values for 51 SF strains (0) and two AT strains (@) following
X irradiation and ?52Cf irradiation. Djo values were calculated from the survival curves fitted to
equation (2).

The D,, values for breast cancer patients of the nonexposed group and the
exposed group (Figure 4) were uniformly distributed and displayed a range of
sensitivity comparable to the group without breast cancer. A weighted least-
squares analysis* comparing the breast cancer and non-breast-cancer groups
resulted in an estimated difference in mean D,, of 9.96 + 7.71 ¢Gy, which is
not significantly different from zero.

* Weights for each mean D}g were taken as the inverse of (A + B/N), where N is the number of repeat
experiments, B the experimental error variance estimated from the repeat experiments, and A the
between individual variance estimated by choosing the value of A which makes the residual mean
square error equal io 1.
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1.00 Gy or more. d: Individuals whose doses are unknown.
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D,, values following 2*?Cf irradiation were also compared for four groups
classified by A-bomb dose (DS86) (Figure 5). D, values of AT cells were between
0.93-1.06 Gy. D,, values of SF cells (mean + SEM) were 1.19-1.94 (1.57 +
0.05) Gy in 28 individuals of the nonexposed group, 1.23-1.90 (1.56 + 0.08)
Gy in nine individuals of the group exposed to 0.01-0.99 Gy, 1.46-1.84 (1.68
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+ 0.11) Gy in three individuals of the group exposed to doses above 1 Gy, and
1.20-1.97 (1.55 + 0.06) Gy in 11 individuals who received unknown doses. No
deviation in sensitivity to fission neutrons was observed between the nonexposed
and exposed groups or between individuals with or without breast cancer. These
results suggest that radiogenic cancer does not develop specifically in radiation-
sensitive women.
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Discussion

The radiosensitivity of many skin fibroblasts obtained from normal individuals
and hereditary disease patients have been studied, but no cell strains have
been found that are more sensitive to ionizing radiation than AT cells. Cells
obtained from bilateral retinoblastoma patients, trisomy-13 patients, and AT
heterozygote patients, or those with progeria, Werner’s syndrome, and Fanconi’s
anemia showed slightly elevated sensitivity,®” whereas the sensitivity of cells
obtained from “normal individuals” exhibited great individual differences.®”
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The high susceptibility hypothesis assumes that persons with a high risk of
cancer or other diseases due to A-bomb radiation exposure genetically have a high
sensitivity to radiation damage.®*? Tokunaga et al' confirmed that breast cancer
is one of the most typical late effects induced by A-bomb radiation. Breast cancer
is a useful example of the multi-step theory of carcinogenesis. Breast cells that
have sustained hereditary damage (a tumor initiator) are believed to develop into
a clinical cancer as a subsequent effect of hormones such as prolactin (a tumor
promotor).??2 Although we do not know the exact process of carcinogenesis in
the breast tissue cells of A-bomb survivors, if the high susceptibility hypotheses
were correct, the radiosensitivity of A-bomb survivors with breast cancer would
be expected to be greater than that of survivors without breast cancer.

Qur data on the survival of fibroblasts following X-ray exposure revealed
great individual differences in X-ray sensitivity in normal unexposed human
populations (Figures 1 and 4). These results are consistent with prior reports
of differences in the clinical symptoms of acute radiation damage observed in
survivors who had been exposed to similar doses.?® In addition, of those whose
radiation dose from the A-bomb was 4 Gy (T65D) or more, no more than
2.4% developed leukemia, a malignant neoplasm with the highest relative risk
attributable to radiation.®® Similar results showing diverse radiosensitivity were
obtained from the dose-survival responses following exposure to fission neutrons
generated from #Cf (Figures 2 and 5).

Our results showed no direct correlation between the risk of breast cancer
induction after A-bomb radiation exposure and the radiosensitivity of cells
measured by clonogenic assay. Our results may be supported by the current
data about radiation-induced cell killing in fibroblasts obtained from patients
with hereditary disorders. Weichselbaum et al®!? reported that skin fibroblasts
derived from patients with D-deletion type (13g-) retinoblastoma are highly
sensitive to X rays. However, results contradicting their report have also
appeared.?*2% Wang et al?"?® showed that fibroblasts from hereditary retinoblas-
toma exhibited normal sensitivity to the mutagenic effects and neoplastic-
transforming effects of ®°Co gamma rays. AT cells are hypersensitive to
cell killing by ionizing radiations, but are not more mutable by gamma rays
than normal cells.?®*® Recent work of Little et al®! concluded that the greater
radiosensitivity of retinoblastoma cells occurred in isolated cases, and that the
sensitivities were still within the envelope of normal variation. A consistent
association between radiation sensitivity and cancer proneness has not yet been
found in studies employing ionizing radiations.

It has not been possible to obtain direct evidence either in support of the
selection hypothesis for A-bomb survivors or opposed to it. In particular, it is
impossible to know whether A-bomb survivors who died early of acute infections
were more radiosensitive. Although only a limited number of cases were
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examined for their in vitro radiosensitivity, our results provided no indication that
the A-bomb population includes a relatively large number of radioresistant (or
radiosensitive) persons, or that the radioresistant (or radiosensitive) individuals
are less or more prone to the development of cancer than is the general population.
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RERF TR 6-90

X ¥R BB 4t

TGS ICHERE L TV B HHE % B Rl 3R I R L 7o %, (Coulter §H4Es4 H U
THESEL72) 1 X 10° oM (l mL) %275 2 F v 2 BB (New York
Corning, Corning &) 2 A, 2k TS L 7z, JAGHHERR 2258 L /o729 2 flEH O
XA ELH O, MEENSHONALERRIREI L Th -7z, —o OHEIZ
250 kVp, 30 mA, 0.5 mmCu + 1.0mm AlAZLE 7 4 V4 —, BER
09 Gy./ S TEBh X8, fthdo—o13220 kVp, 8 mA, 0.3 mm Cu + 0.5 mm Al
A7 4w s —, FEE 1.0 Gy TEB X B/, ErhifsRkiz Victoreen 7
FrHh—BEHOTERTRIE L. AT #ilgici o, 0.25, 0.5, 1.0, 2.0, 3.0 Gy,
SF #ifl@ic i34 #i3 0, 0.5, 1.0, 2.0, 3.0, 4.0, 6.0, 8.0 Gy DL EY L 7. SF
D X KB IE "> DB TENTN2~THEVELIT-7 (F1).

d T BR 5

L TV A#ifE (3 X 10X IE 1 mL) ZRBE (1 Ly 7 24 7 2,
P#E 156 mm, £ 126 mm) it Ah, REBAEFEBEKE R )AL 72,
BB T ESEDE T — 7 VDA 58 cmDECAILHZ/\DDTIVI = A
B (NE 18 mm, £& 120 mm, EX 1 mm) iz Az, T E SR o thfic
BBATFVVRAZRF— i@ Eh ®Cf % (¥E Buckinghamshire,
Amersham International ##4, X-35% EX 17 mm, & 9.5 mm)*Hf T
Fim THMEF RS & 1T - 72,2 Three- Terminal B#EH (California #| Goleta,
Far-West Technology #t#d IC-17 B ¢ IC-17G &) B Uf Fricke %1
WTHIE L7 $RIZ 1.18~1.34 cGy/ A TH 7. H v =ilcntd 2T okt
32.0TH-7. 0, 0.25, 0.50, 0.75, 1.0, 1.5 BT 2.0 Gy JE§H%, #5282
15 L7 #la% + ) 7~ EDTA %R cRBEL 7.

J0—-VEREBEICLZHMBAEESR

TSR, S THOMIEAERE 10 cm D 75 2 F v 7 REEIM (RETRS I 6 1
D+ —L) (New York #| Corning, Corning #) Ic#fiL, 225 95% + CO,
5%, 37TCHT10~14 B Uiz, oMb ®n% 1, 2E5Hm L1, 1o
=—@x S/ —WTEEL, FoyG@ L. 50U LN K230 =—%
FNT, v =—ERERUERFRLEE L 12,



RERF TR 6-90

@S RO F — 4 B
MERIGGHEE Y FEF L

S/So = AE‘-RD (1)
RUOZENE F IV
S/8 = A [1-(1-¢eP)M] (2)

EROCTH L., CoBAHEDIE gray TRL, S/So SR D icH1F 547
RBTH5. LFHROBEHEN % 37 R ICH DI E28H Dol — 17k TEIA
5. N« A i, HROWMA BBV A FIETET 24 TH 5. BAEMBROT Kk
ROUIR N @, BESNBRESIE T X TEFIR O S s 5 £ 0 S K
FE % HEbR B B/ NSRRI IC & D FERIRRBA Dt 5 2 — 4 L LTHEE L. K
BEX(2) 1220 T, AEROMPBBROEFEF VIt DREh3.

In(S/Sy) = In(A) + In [1-(1-¢€")N] (2

CoBE In(A) BABROUFTHY, In(N) +1In(A) BAEXOBEHIS O
AR T, kK BABROBEMRE S DAL TS 5. HEEEDTRXTOF— s 2HL
THERD N A -2 EfELL. N2 -9 AZHALT, HERX(2) 0GR
In(1)=0 1cBET 2 L2MEB L. O &RBOBEZEOLEERMRIEXH, £
DIFTRENH B EEZEDTEHEY, TLEDO LKL TO—DDERAE & I3
PAFRICk RN OHEENTIfEE 72 5. FEMER/ N _FEEZH O TEFNVOD/NF 4 —
4 ZHEE L7z k, NRUAORBE{HEHWEYEHERN G, £FEEL10%IC
WL E 30 HBISHER D,y #HE L. BMDP6D 7o 7' 5 A (California M
Los Angeles, BMDP Statistical Software #t) % W THERIGHEA o0 v
Ea—2TlEat.

R

SF #ilatkd X $iAEFRERTAEE R LIcR Lic, AT [EXR] MiakE i »
T TR TH oA F 2 IR Lz, SF HIlE#k4 7 v— 7RO AT fllako
P FREARER] ISR L7e. AT gk T3tz AR (2) ik b L <BE
L, 0.49~0.66 Gy O#iPHD D, (= — 1./k) {ENHE 5ht. HER(2) 13 SF



RERF TR 6-90

R2. EMMEHEEEBRBAEBREOEFEMR NS A—F

A e -
Dm DO N Dw DD N
(Gy) (Gy) (Gy) (Gy)
AT3B1 1.52 0.65 1.1 0.93 0.40 1.0
AT5B1 1.59 0.66 1.1 1.06 0.46 1.0
GM2052 1.07 0.50 0.9
GM2530 1.49 0.62 1.1
GM3395 1.20 0.49 1.2
GM3487 1.59 0.57 1.7
GM648 1.36 0.60 1.0
I 1.40 0.58 1.2 1.00 0.43 1.0
T T T T T T T T T T T T
100 AT c -
50 ]
0 a
5 .
i = i
it - |
'ﬂ{ =
=3
1
0.5 -
0.1} 4
0.05 i
i i 1 L L 1 1 1 L 1 1 1 i
0 2 0 0 2 4 0 2 4 2 6
Xt (Gy)

B, EHOELREEHREE (AT) RV EMSESTER (SF OXBBHEOEFE R AT
#E2(C(20, 0.25, 0.5, 1.0, 20 RTF3.0 Gym, SFHICIXO0, 0.5, 1.0, 2.0, 3.0, 4.0, 6.0 KU 8.0 Gy

(RBE0.9XIX1.0 Gy/ M) DB ERAL -,

L=V AT : Hifa#k AT3BI,

ATSBI,

GMB4BAT,

GM2052AT, GM2530AT, GM3395AT, GM3487AT. L~ a: Hli% & - O IEHERE 15 A
NORIEMMR. L —2b: ABES DIFMEE 15 ADSBLEMMER. L —Ve: ABED 4L

WIREOANSBIEMMIE. L —Vd: ABELOWBE 17 AN SES B AR,
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AR D 7 — 2 It bBE L7, SF M0 Dy iz h o OBIF Tk 0.77~
1.31 Gy T& » fc, EBREABIHRRSH I RIFTIREZFOEHOBEIZIZ LA L
Bhhoto(F1). F#he XEOTY D, MEOHBRI L plilild 2 heh SFa,
0.34 %17 0.22 ; SFb, 0.23 % 170.40 ; SFc, 0.22 % 1*0.56 ; i ¥z SFd, 0.50 &
GF0.04TH -7, Bz, ORBTOI 0= — R (T 0= —ERR) G RERT
0.02~0.56 OFPHTH - 7e A, BEHHERZM L 0 0 = —FRR L MBI EE T
Kot a0 =—fEREE XBOTH D, EHIOHEBIGEKR O pEIZZhEH
SFa, 0.29%70.29 ; SFb, —0.11 % ¥*0.70 ; SFe, — 0.09%1¥0.82 ; d:t¥ic SFd,
0.16 R 1r0.53 TH » 7z. HEI5 A £ 1T > T 56 AOKITEY Dy HIcEhSH 5
ME IR, HERIE p<0. 001 THETH Y, Fap = 298 TH -1,

XRE2 NOBAERD SHIL S Wi MlgkE O T, 80 R L X BEENES T
-7 (%£3). TO2ANDEFEOZATNAN OB > Ok EH@HIE=> D¢
FA=FIOVWTEEAEEDEL, THIFEHRHEEMIE O ST SRS 1 itz
FMTEELTVWB I EERELTWV 3.

R3. AH2ANOFBEREEIOGHIS MK OD
EFEEHBNSA-IOHE

D D
48 ERES 10 o
» (Gy) (Gy) i
SFb 2 198418238 20 3.09 1.05 1.9
596 2.96 0.90 28
2114 2.93 1.01 19
19842 A28 Fi 2994005 0994004 22403
583 291 1.01 1.8
SFdi-1  198446A 48 7 3.40 1.25 15
643 2.73 0.94 18
667 3.07 1.27 1.1
iy 3074+0.18 1154+ 011 15402
1984 TR 108 645 3.07 1.12 16
B46 2.99 1.15 1.4

Fy 3031004 1.14£002 15401

FEHE : Fiy+ SE
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PrigmteE A0 (DS86) ic L hiE, IREOHEEPHETHRIE T65D HEEM O 10
FD1THA. LhL, hEFHBEOIFNRI XBROBIIRLD bREVT &
DD LNTVAS, K213, PCf fidHric iR L</M-> o SF #lakko 2 o
SR RBETFRERIEER LTV, SERIEGEAEN(2) cikb L @ L .
FHRRRE C & IR RUSHIER O N {HIZ RS > TOW /=D T, BUEZHE Dy EDF
Bafl > THB LA (F4).

X#BHE D56 D SF fMapkoFE) Dy, (EiZ287.3 £ 3.0 (SEM) cGy Téh -1,
PCf HatiRIEG % D 51 @ SF Mgtk T Dy, [EEHE F L THEUL TV, ¢
Bbb, H82A (1) T3 156.0 + 3.1 (SEM), 5 8ER(2) Tt 156.3 +
2.8 (SEM) cGy TH-7z. HER(2) ONER L IKIEFISESW DT O—5

100+

I I [ N O B

H2. BMEHEFARA%E S0 it
IRTES L - Ee0sFREg Sk
[COWTiIT2 L 2BDERNSEBET—%
BENThRLEZIESTRLTWLAS. 2

# J cEmsanzHEE0, 025 050, 0.75,
ﬁ 1 1.0, 1.5RU2.0GyTCH3. BBERGL
1 FER(2)D S5, = A[1 - (1 -
X ] e CasEE. wEE1.178~
1.337 Gy, 5. hteFigdisd o vigie
| B 2.0
B 1 O® SFal0, AA SFal3,
- 1 ©O®sFb2, O SFc9
0_1 1 1 i 1
0 05 10 15 20 25

=Cf W& (Gy)

12



RERF TR 6-90

&4. Dy fBE RBE {#(* SE)D M

S/S, = Ae*P 815, = Al1 ~ (1 - )N
gI—F RBE
*2Cf(cGy)  2CI(cGy) X rays (cGy)
SFa 155 + 27 155 + 26 280+ 28 1,834 0.23
SF b 158 + 23 159 + 22 285425  1.83 4 0.34
SFe¢ 148 + 23 149 + 21 290 =+ 21 1.99 4 0.35
SFd 163 + 18 162 4 19 294429 1844 030

:IEE‘ + {560+31 1563428 2873480  1.87 4 0.04

F-S XBEFERBICOLTHER (), 2201 HHBBREDLEE
RECOVTHFER(DRG(2) CHES 4. FER () HEBANS
Dyo @%EMAWTREB WERE L.

FHARTH 5. XBOMBRIZT P°Cf MEHBOBREB LD bEh - 7208, HE
SHERE (RBE) OH(i1d 1.87 Th » 7o, # v <iksr & T (n) RS2 heEh
MBIERT 2 LEETHIE, ®Cf HEF D RBE (RBE,) RO & 5 IcHETX
5.

(RBEnﬂr . f;r)

RBE, = £

C OB T EH <R Ic L 28R OEE 2R T, BEE X igicx
3% PCf [MEHHRD RBE, 122.29 L HFExhi:,

B 313, AN (2) 2> TXHE ¥Cf D Dy EEHB L bDTH 3.
To0 AT sk 2B OB Ic D WTREM %R L. SF #la51 ¥ick
WT XARBZ M & itk T RRSZM: & ORI 12 HEBERIRIE 78 A - 7o HBI{% % 0.092 ;
p{iE0.52).

Stewart OBEREIEMREET 57291 SF HlE % #HE (DS86) Bllic 2/ v — 74313 L
7o (X 4). X#ES L7z AT #ilatk® Diofifiid 1.07~1.59 Gy T - fz. SF #ika
D Dy i, FEBEREE 30 A T 2.18~3.40 (EH){ii = SEM = 2.82 * 0.05) Gy,
0.01~0.99 Gy #il#8¥ 12 A T2.21~3.59(2.98 + 0.10) Gy, 1 Gy LI F#EIERE3 A
T2.44~3.11(2.87 £ 0.21) Gy R U'# RS ECRIEE 11 A T2.62~3.02 (2.89 +

13
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T T T T T T T T T T T T T T
20 2
6]
| 6 o O o
o o)
(3 L S o o 5
N B O@% o 2 4
z O
0 15k o &
e & & So o ©
R 5 O o 7
- o
S o o © 009 o o |
& L
[ ]
1.0 Al
b . -1
i 1 1 1 | i 1 1 1 1 | 1
1.5 2.0 2.5 3.0 35

X ##fR4f#% D Dy (Gy)

H3. XHMBHBRU “°Cf @adtko SF #S1H (O)RU AT 24 (@)D D, ot
Do AR (D CHES EEFRBRNLEEL 2.

0.04) Gy Th »7z. i~/ SF Mlas6oth AT Pt 2 X et a
7 U 7o HRERRIE 180 » 7o, JEBIREE 30 A (K1da) & HIREE 26 A (K4b — d) @ X &k
ZURLL AL TOED, MBRTOSHERIZEA LR -, Hiz, SR
(1 Gy BAE) iR AN X SRHEEHTHEMNC R L T 0 % C &3 d - 7z,

FIFRIRHE R O BB OFSEBE D Dol (N4) BAwES—HET, LiEE bt
7N~ T ERIREDRRSEMEIR U e, NERYN_FBT %17 > T, S5t & e
HEHB LI LT A, 996+ 7.71 cGy DENHEFETY DfliicEohis, h
O RFEEZ SO,

“ICf BUAARIBSTR D Dio il bFHHRE (DSSB) Bl 348 L 7cl9o D 7 v — 7'¢
Hig U7z (K5). AT #1820 Dy, fifid 0.93~1.06 Gy TH - 7z. SF #HIAD Dy, {il
(F5fE + SEM) i3, JFI#EE28 AT 1.19~1.94 (1.57 + 0.05) Gy, 0.01~0.99 Gy

*E S Dy EOMTEMIL(A + B/ N)DEE 375 L 7. COBE NG0B U ERE, Bli#
D3l LRERD SHERE S N F- BB, A IR PRI A B S LIS U< 2 AlERA
THER L oA IR TH 5.

14
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O = N W & U1 O = O == N W & O =2 N W & U O ~J O = N WA

RERF TR 6-90

. a
I i
b
i N
. R R 7
| ¢
, A
L d J
1.0 20 25 30 35

X #R0R411% 0D Dy (Gy)

B4, MBEHERMICETS XREBY D fE (F1) 0SH.
AT : ATHIRZ 7 #. a: FE#MRE. b: 0.01~0.99 Gy #HigE.
c: 1.00 Gyl Emi#mgE. d: HRHETRHE

LA 1o A

Nass-o

15
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f-ATI Ll T L)

o .

6l a

5 N

4tk

3 =

.| Y

1k N

0 I i Py

3l b H5. HBEMICHITS P2CF Bet D, @

2 (1), AT : #BREERAT3BI &TF ATSBI.
5 1' § % 7 a: JEHIIEE. b:0.01~0. 99 Gy#EERE, c: 1.
E 5 . /N _ 00 GyLl FIgIgE. d: IR W/ RHEE.
5&% 2 ¢ -

1| A L@H Iz E W

0 E m- N amso

6| d J

5k

4 o

3-

2k

1k

0 1 i N E

0.5 1.0 1.5 2.0

22CT PS5 D Do (Gy)

WHEEEE O AT 1.23~1.90(1.56 £ 0.08) Gy, 1Gy Ll L #IEB 3 AT 1.46~
1.84(1.68 + 0.11) Gy, R UHIFHEAHE 11 AT 1.20~1.97 (1.55 + 0.06) Gy T
&Ho7c. IFWIREY L WP R IO H 5 A & 720 A DRI TR B i FREZ M O
RO BEED I -7, Th ORI, ROHRBRE SRRSO S Wi
HICRRACRET A2 HDOTIRIEVWT LAERIEL TN A,

z =

IEW AR CBIZHEB R EE 5 5 18 5 h 1 B30 B R SR I O T S e s
PNBNTOBA, EHRHRESIES AT 14 D B HIEHKIZES 7 T
. THERBIEIERE, b)Y 3 — 13BERC AT RS RS i B
B, U2 VT —ERBEERY T » v 3 = —BIMBEH 55 5N D RS

16
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m%%%m:aﬁ%énfméﬁﬁFIﬁAJ#%ﬁentmmmﬂﬁﬁu%xg
ISEAZENS 557

e ERSZEE R, AR I & 2 O RBR O U 2 2 380 A e
HUCHOARRBIT T 2 BEMAE O LA HEL TV A @k o' &, I
R RIS L D IEFRE SN BB b WA MIRRR D> ThH 5 2 & A HEL 1.
R FEROZ RS2 EM I 28 161TH 5. MRS (TS T5ET) %
ZUAFEMRE o5 2 7 v (EEHEERTP) 0L B A LE v OHGRPBL LT
EREKIESIICHERET 2 b0 EZ A 5N TV A .22 FIRATES OILEMRMIE O [F e
BHRRBAR DN ST VD, BRSZERANIE LW E $hid, FLEAE b - 7 B
HOBSRREZERIBME LT VEREL D bEO L0 FEEh S,

XA s nc MO EFRICBT 254 O F— 4 Tk, E¥H - IEHIE
FEHOXBREEHIC R A ZBEAZNS 2 2B SR (MIKRDD). choo
e, [EIZE ORI IR L o A EE IS B S h - SR EHB S O BEFREEIR 1
ENHBEVIBELOMEL—KLTVWS2 NS 31z, EEE R4 Gy
(T65D) LI EOWHIFE @ 5 BighERIc &k 248 Y 2 7 NS 0BT EYTH 2
MARITIE > 1o FIE DTN 24 % TH - 12,2 B0 h o R4ET 24 5h T % R4
Lo OBBAETFRRIGH) 6 b, R OMEHRREZM 2R T Ao RN E s his
2K U5).

Wra NG reERI, FARSSHREREROIBHER) 222 v - vEREC LD
MIE S AR O BEHRRSZ M & ORI EEOHBEIHENE WS & 2R L1z, i
EHEREEE D O & 5 h 7o BHEEI O BSHR A IR I B T 2 R D 5 — 4 13
T4 DEREZFT 206 LK, Weichselbaum 5%° 1, DR (13g-)
IR E 0 S 15 & o I ARAE AR IS X Bic it o 2 M rmn o & %
WELA UL, BHoOHMELFET 3ZELBENL?® Wang 578 i3, it
=R B SE MRS O 4ESEATIEIE  °Co /v <# DR RIEMER O R B
PIFEREN IR U CIE R Al & 6] RS 2R 4 C E 2B 5z L7z, AT #ikais
BRI OBICHRICERZETH 20, F v vBRERERENERMIEL 9
LEIHRTOI &M -72.59 Little 5% OREOWFIR, BEFMEEOS
WEIHHRRZ MR FITH 5%, T ORSUHREFTROFHANICS 2 &V S5 EH
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RERF TR 6-90

Ao Lc, HOHRRSE t: & R & ofslc—8 L 2Bt 3 d B O & IR
BEHOCCRBETRELEDLATHIID,

BRI RS BT 2 IR A S R 3 T hic B 2 EmiTinE 8 s c L i
T&AhoTe, Fric, BUREMED 72D B { T 13 » Fo RIS O iUz i
REONE I DENS ZERRAEETSH 5. REEPRSHRRERSHET~x0ER T
CIDEBITH - 7o, A PEERIT, FBET SRS HEERIET: o (X
TR S RS ) ADLEEIZ O, B B VIR BUHRIET I o U i SR
BZH D) AR—BREFLOBICB O VRBREOIPTVENS T EERER
no Tz,

Fof BFEBRORMICHIBH WELWEE BB ML (ERAL NSRS
RFPRMETHRAEY PR X TICE AL 3R & W2 Brookhaven
UBFFEAT(BNL) D C. Jackson, N. Setlow BT M. Makar Q& KICHES
KT D Efe, T-HEERUBIICERAZRE WL BNLO Robin
Leonard, Keith Thompson BERUHEHHETEIO Richard Sposto 18+
BHICRBEY A TENFBRICHULTH#HEEERTS. BNL TOHREICIZH
EEMZA & DENICET (EBE RS, KE I X F—H(FRBRARIHN S
b—alDEM R,

18



RERF TR 6-90

SE

L.

10.

11.

12

13.

14.

15.

186.

Tokunaga M, Land CE, Yamamoto T, Asano M, Tokuoka 8, Ezaki H, Nishimori I,
Fujikura T: Breast cancer among atomic bomb survivors. In Radiation Carcino-
genesis: Epidemiology and Biological Significance. Ed by J.D. Boyce, Jr., and J.F.
Fraumeni, Jr. New York, Raven Press, 1984. pp 45-56 (RERF TR 15-84)

. International Agency for Research on Cancer: Cancer Incidence in Five Continents,

Vol II1. Ed by J. Waterhouse, C. Muir, P. Correa, J. Powell. Lyon, IARC, 1976

- Taylor AMR, Harnden DG, Arlett CF, Harcourt SA, Lehmann AR, Stevens S, Bridges

BA: Ataxia telangiectasia: A human mutation with abnormal radiation sensitivity.
Nature 258:427-9, 1975

- Cleaver JE: Defective repair replication of DNA in xeroderma pigmentosum. Nature

218:652-6, 1968

. Cox R, Masson WK: Radiosensitivity in cultured human fibroblasts. Int J Radiat

Biol 38:575-6, 1980

. Weichselbaum RR, Nove J, Little JB: X-ray sensitivity of fifty-three human diploid

fibroblast cell strains from patients with characterized genetic disorders. Cancer
Res 40:920-5, 1980

. Arlett CF, Harcourt SA: Survey of radiosensitivity in a variety of human cell strains.

Cancer Res 40:926-32, 1980

. Setlow RB: Variations in DNA repair among humans. In Human Carcinogenesis.

Ed by C.C. Harris and H.N. Autrup. New York, Academic Press, 1983. pp 231-3

. Weichselbaum RR, Nove J, Little JB: Skin fibroblasts from a D deletion type

retinoblastoma are abnormally X-ray sensitive. Nature 266:726-17, 1877

Weichselbaum RR, Nove J, Little JB: X-ray sensitivity of diploid fibroblasts from
patients with hereditary or sporadic retinoblastoma. Proc Natl Acad Sci USA
75:3962—4, 1978

Nove J, Little JB, Weichselbaum RR, Nichols WW, Hoffman E: Retinoblastoma,
chromosome 13 and in vitro cellular radiosensitivity. Cytogenet Cell Genet 24:176—
84,1979

Nove J, Weichselbaum RR, Nichols WW, Albert DM, Little JB: In vitro studies of
fibroblasts from patients with retinoblastoma. Int Ophthalmol Clin 20:211-22, 1980

Nove J, Nichols WW, Weichselbaum RR, Little JB: Abnormalities of human
chromosome 13 and in vitro radiosensitivity. A study of 19 fibroblast strains. Mutat
Res 84:157-67, 1981

Stewart AM: The carcinogenic effects of low level radiation. A re-appraisal of
epidemiologists methods and observations. Health Phys 24:223-40, 1973

Kneale GW, Stewart AM: Pre-cancers and liability to other diseases. Br J Cancer
37:448-57, 1978

Rotblat J: The puzzle of absent effects. New Sci 75:475-6, 1977

19



RERF TR 6-90

13

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Roesch W ed: US—Japan Joint Reassessment of Atomic Bomb Radiation Dosimetry
in Hiroshima and Nagasaki. Final report. Vol.1 and 2. Hiroshima, Radiation Effects
Research Foundation, 1987

Preston DL, Pierce DA: The effect of changes in dosimetry on cancer mortality risk
estimates in the atomic bomb survivors. RERF TR 9-87

Ban 8: Radiosensitivities in acute and late effects on human cells. In Modification
of Radiosensitivity in Cancer Treatment. Ed by T. Sugahara. Tokyo, Academic Press
Japan, 1984. pp 245-51

Ban 8, Tida S, Awa AA, Sawada S: Lethal and mutagenic effects of *%2Cf radiation
in cultured human cells. Int J Radiat Biol 52:245-51, 1987 (RERF TR 8-87)

Yokoro K, Nakano M, Ito A, Nagao K, Kodama Y: Role of prolactin in rat mammary
carcinogenesis: Detection of carcinogenicity of low-dose carcinogens and of persisting
dormant cancer cells. J Natl Cancer Inst 58:1777-83, 1977

Yokoro K, Sumi C, Ito A, Hamada K, Kanda K, Kobayashi T: Mammary carcinogenic
effect of low-dose fission radiation in Wister/Furth rats and its dependency on
prolactin. J Natl Cancer Inst 64:1459-66, 1980

Beebe GW, Kato H, Land CE: Studies of the mortality of A-bomb survivors. 6.
Mortality and radiation dose, 1950-74. Radiat Res 75:138-201, 1978 (RERF TR
1-77)

Ejima Y, Sasaki MS, Utsumi H, Kaneko A, Tanooka H: Radiosensitivity of fibroblasts
from patients with retinoblastoma and chromosome 13 anomalies. Mutat Res
103:177-84, 1982

Pledger JV, Craft AW, Bartlett K, Long DR: X-ray sensitivity of fibroblasts from
patients with hereditary retinoblastoma and their families. Br J Cancer 55:617-21,
1987

Woods WG, Byrne TD: In vitro sensitivity of normal and hereditary retinoblastoma
fibroblasts to DNA damaging agents. Cancer Res 46: 6305-10, 1986

Wang Y, Parks WC, Wigle JC, Maher VM, McCormick JJ: Fibroblasts from patients
with inherited predisposition to retinoblastoma exhibit normal sensitivity to the
mutagenic effects of jonizing radiation. Mutat Res 175:107-14, 1986

Wang Y, Kateley-Kohler S, Maher VM, McCormick JJ: 89Co radiation-induced
transformation to anchorage independence of fibroblasts from normal persons and

patients with inherited predisposition to retinoblastoma. Carcinogenesis 7:1927-9,
1986

Arlett CF: Survival and mutation in gamma-irradiated human cell strain from
normal or cancer-prone individuals. In Radiation Research. Ed by S. Okada, et
al. Tokyo, Maruzen, 1979. pp 596

Tatsumi K, Takebe H: v-irradiation induces mutation in ataxia-telangiectasia
lymphoblastoid cells. Gann 75:1040-3, 1984

Lettle JB, Nichols WW, Troilo P, Nagasawa H, Srong LC: Radiation sensitivity of
cell strains from families with genetic disorders predisposing to radiation-induced
cancer. Cancer Res 49:4705-14, 1989

20



