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SUMMARY

A recently developed assay was used to measure
the frequency of somatic cell mutations in
atomic bomb survivors at Hiroshima. In this
assay the frequency of wvariant erythrocytes
produced by erythroid precursor cells with gene
expression-loss mutations at the polymorphic
glycophorin A (GPA) locus was measured.
Significant correlations between variant cell
frequency (VF) and estimated A-bomb exposure
dose were observed for three different variant
cell phenotypes. The spontaneous and induced
VFs obtained in this study agree well with
measures of radiation-induced mutagenesis in
other systems, strongly supporting a mutational
origin for GPA-loss variant cells, and suggesting
that the GPA system may provide a cumulative
dosimeter of past radiation exposures. These
results provide clear evidence for persistent
elevations of specific locus mutations in A-bomb
survivors. VFs for some donors differ dramati-
cally from the calculated dose response, and
these deviations appear to primarily result from
statistical fluctuations in the number of
mutations in the stem cell pool. Analysis of these
statistical fluctuations provides an estimate of
the number of long-lived hematopoielic stem
cells in humans.

INTRODUCTION

The recent accident at the nuclear reactor in
Chernobyl, USSR, has heightened interest in
the long-term health consequences of human
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exposure to lonizing radiation and in the
development of methods for assessing DNA
damage in exposed individuals. While there is
clear cvidence of persistent increases in cancer
risk in several populations that have been
exposed to radiation,'”® quantitative studies
of long-term effects have been performed for the
survivors of the A-bombs at Hiroshima and
Nagasaki. The Life Span Study, Adult Health
Study (AHS), and F; Mortality Study of RERF
are accumulating extensive clinical and experi-
mental data on large numbers of the survivors
and their ph:)geny.q Also, the exposure history
of survivors is relatively well defined, because
dose estimates are available for individual
survivors, and the exposure is dominated by a
single acute whole-body radiation dose. While
studies of chromosome aberrations in peripheral
lymphocytes provide clear evidence of persistent
genetic damage in somatic cells of this
population,®® assays for measuring levels of
other types of damage in individual survivors
should be useful for the assessment of long-
term health effects.

A detailed description and characterization
of the GPA expression-loss assay has been
reported previously,?’s Briefly, GPA is an
erythrocyte cell surface protein which occurs
in two allelic forms, M and N, and is the product
of codominantly expressed alleles on chromosome
4 with about 50% of the population being
heterozygous at this locus. Pairs of monoclonal
antibodies (MoAbs) specific for individual
allelic forms, each conjugated with a different
fluorescent dye, are used to label fixed erythro-
cytes from heterozygous MN donors. Flow
cytometry and sorting are used to enumerate
and purify rare single color cells that express one
allele normally but lack the expression of the
second allele presumably due to mutational
events in erythroid precursor cells.

MATERIALS AND METHODS

Two different antibody combinations were used
in the present study. The 1W1 assay system
illustrated in Figure 1 uses one GPA-M-specific
MoAb (6A7) and one MoAb (10F7) that binds
equally to both GPA-M and GPA-N. This system
was used to measure variant cells lacking the
expression of the M allele but retaining normal
expression of the N allele (hemizygous NO
variants), and variants lacking expression of the
M allele but expressing twice the normal amount
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FIGURE 1 BIVARIATE FLUORESCENCE DISTRIBUTIONS OF HUMAN
ERYTHROCYTES STAINED WITH THE ANTIBODIES USED IN THE 1W1 ASSAY
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Erythrocytes were fixed in a solution containing sodium dodecylsulfate and formalin, and then stained with the
following pair of MoAbs: 10F7T, which binds both GPA-M and GPA-N and is directly conjugated with fluorescein
isothiocyanate (FITC), and 6A7B-AvIR, which is specific for GPA-M and is conjugated with biotin plus Texas
Red-avidin. Flow cytometry and sorting were performed on the Lawrence Livermore National Laboratory (LLNL)
Dual Beam Flow Sorter with the following spectral conditions: FITC, excitation at 488 nm and emission at 514 nm,
Texas Red, excitation at 590 nm and emission at 630 nm. Logarithmic amplification with a range of approximately
three decades was used for both fluorescence signals. Narrow angle light scatter at 488 nm was also measured so
that only objects with erythrocyte scatter intensity were analyzed. (a) Fluorescence distribution of a mixture of
cells from MM, MN and NN donors to define the regions in the flow distributions where variant cells should occur.
Hemizygous NO variants (left window) must have lost >90% of the fluorescence of normal 6A7 fluorescence but
retain 1/2 (£30%) the normal 10F7 fluorescence. Homozygous NN variants (right window) must have lost >90%
of the 6A7 fluorescence, while the 10F7 fluorescence is normal (+30%). (b) Fluorescence distribution of
erythrocytes from a heterozygous MN donor from the exposed population. The heights of each peak in the flow
distribution are indicated by contours which differ by a factor of 10 in events per channel with the lowest contour
corresponding to one event per channel. Approximately 10° erythrocytes were measured for each assay run in a
time period of 15-30 minutes. Objects producing signals in the variant windows were sorted onto slides for
microscopic verification. Typically 10-50 cells were scored for each analysis. VTswere determined from the ratio
of the number of sorted cells to the total number of cells analyzed after dividing by correction factors (CF) for
counting crrors (CF = 2.7 for the IW1 asuy, CF = 1.8 for the 2W2 as:a,a},r)."r The VF values for the data in the figure
were NO = 107 X107, and NN =87 x107¢
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of the N allele (homozygous NN variants). The
2W2 assay uses one GPA-N-specific MoAb
(NN 3) and one GPA-M-specific MoAb (9A3) for
detecting analogous variants lacking expression
of the N allele (both hemizygous MO and
homozygous MM variants). For both assays,
VFs were based on microscopic verification of
sorted variant cells after correction of counting
errors as described previously.  Thus, these
two assays provide measurements on rare four
different variant cell phenotypes (NO, NN, MO,
MM). While it is not possible to use clonal
growth or DNA analysis to directly confirm a
mutational origin for these variant erythrocytes,
previously presented evidence supports their
mutational origin and suggests that hemizygous
and homozygous variants may arise by different
genetic mechanisms.”

Blood samples were obtained from MN hetero-
zygous donors of AHS in Hiroshima and a
standard donor during September 1985 - Aupust
1986, and cach sample was analyzed within two
weeks of collection. One cohort of 43 donors
(Exposed) was composed of A-bomb survivors
with T6SDR dose estimates’ from 14 to 884 cGy
(1 ¢Gy=1 rad). Repeat samples were obtained
from 27 of these donors. A second cohort
of 20 donors (Control) was composed of distally
exposed survivors with T65DR dose estimates of
less than 1 cGy with repeat samples on 10
donors. The standard donor, a 29-year-old
Japanese volunteer, was sampled 27 times during
the study to monitor the reproducibility of the
assays. All samples were coded so that the donor
type was not known to the investigators until
completion of the measurements.

RESULTS

Response of Individual Endpoints

Figure 2 shows VFs from all measurements with
both assay systems; the mean frequencies for
each cohort are reported in Table 1. For three
of the endpoints, NO, MO, and MM wvariants,
consistently low VFs were observed for the
standard donor and control donors. The mean
frequencies far these donors range from 7-15 x
107¢ which agree well with the previously
determined values of 9-21 x107% for normal
donors using these three endpoints.r" Multiple
measurements on the standard donor and repli-
cate measurements on repeat blood samples from
control and exposed donors were used to
determine a measurement coefficient of variation

BFIEEMO 2EER L Ty 3 RE (FHH#S NN
ZERAR) ABE L 2. 2W2 ifllE ¥ A F ATk GPA-N
ISR AT/ 70—+ VH{E (NN 3) B GPA-M
THEMEE/ 70— F LK (9A3) 20T,
N # LR F & % - A ERO % R (EEE MO
J ORI BB S MM AR AL AL Wl AT A
ELTEAMBEBEEE, DAt flEs L AL S oo
U 7= %8 S8 00 e oo S i 80 B 75 o0 i & 0 2 Tl Il
LTk ZhEIE, Zhs Z20MESZF 24
kb, MEORE - /2E 0 %% %R (NO,
NN, MO, MM) @l E i e h a. 70— » e
¥ DNA &ifi2 L0, ZhoZWmmkanzEmrio
HEZEERA DL BTE VS, LUMCRE
LEBRGChsofMlasmmefi byt sz s
AT ALOTHD, &, BHEEE N O R
SERBERGAMEMBIFEIIL0ESFS Z L RR 0
| s ol P2 B 7

MAEHEALL, 1985%F 9 H# 519867 8 H £ ol iz,
EBORABERESRET MN RUESHEO A
RUL1ZOESE 25 A 0850, wTFThofisg
LIRIM A 2 WEILDALCHE ST 20 BB
TGS gl #EE it ® #714~884 ¢Gy (1 eGy=1 rad)
DI EREESR» SRS (MR, —h oo
HOIh, RV SHETHOBE LA 2. 5
W T6S SCTHEE AL AT 1 oGy LT ¢ 3l B i e 1
ZNHI LNk EhTHED (MM, 205 5
WHEOMNEH IO THEEHOERSM L. N
mmrh, EdoifldsE s 27 a0FREEMET 2
iz, HEENETHZVEDHEATE, S,
TEOMA Lz, BEAGSNTa— Nean, AT
BB ECOBICRT A S, BERTIHEE TTES
e sZwvwk izl k.

% R

8l = O IR B RS

EMeicit—o0oMlE Yy AFLEHGTT - A280
F-sab@onAERMERIEN AL THS. &
B PEHE sk LR L A ZHloiENO, MO,
MM ZR2kiIZoWTHS L, EHEMNSER FHEE
OERAMAEE X, —HLTELr-. Zhs =
DIEEE R AP R R E L 7-15X10 % 7,
ZHIBLNRBE A2 TR 9~21X1076 &
BIFE-HT2L50THA. T HEMEHE(CV) 2k a
LW, EHdREICHL THEOMNEL2 T, £
MEBRUEBE GBRVELTEL AR



(CV).

This was found to be aboutl 60%, which

is comparable to the previous estimates.
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FIGURE 2 VARIANT CELL FREQUENCIES (VFs) IN ALL BLOOD SAMPLES FROM THE
STANDARD DONOR AND THE TWO COHORTS — CONTROL AND EXPOSED
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The 1W1 assay was used for measurements of NO and NN variants; the 2W2 assay was used for MO and
MM variants. VFs greater than 200 X1 075 are plotted at the top of each panel and include values from

225-1,312 X107°.

LW il ikif, NO & UF NN &R il s,

L Lo g AR AT EE 1L

9W2 5 ki MO B OF MM 8 (R 2 T A, 200X 10 °°
AEAOK LBERRLTHD, 25~1,32X107° OMAFFER TV,



RERF TR 1-87

TABLE1 SUMMARY OF THE FREQUENCY OF DIFFERENT VARIANT CELL TYPES
IN THE THREE DONOR POPULATIONS

#1 ZHoORERCHT IR L ZERUMIERE O EH

VE (x107%) T65DR
1D Group P*
MEAN MEDIAN MEAN MEDIAN

NO Standard 8.7 7.0 - -

Control 15.2 13.5 0 0

Exposed 77.9 25.0 240 180 0.001
MO Standard 7.3 4.0 - -

Control 9.2 8.0 0 0

Exposed 63.1 20.0 236 174 <0.001
NN Standard 28.1 11.0 -

Control 64.0 54.5 0 0

Exposed 69.2 38.0 240 180 0.433
MM Standard 8.8 6.0 - -

Cantrol 8.5 30 0 1]

Exposed 319 7.0 236 174 0.004

* Probabilities based on Mann-Whitney nonparametric test that VE of control group is higher

or equal than that of exposed group.

YR E RS BIREOE R LD NGO CTL A RIS Mann-Whitney 4 ¥ 113

ARy FARIIKTOME,

VFs for the fourth endpoint, homozygous NN
variants, vary considerably among multiple
measurements on the standard donor and among
individuals in the control cohort. A possible
explanation for this variability is the sensitivity
of the 1W1 assay to altered glycosylation of
GPA."%"12  This alteration may be due to
genetic or physiological factors in vivo or
degradation of GPA during cell storage or
fixation. OQur observation of greater variability
in the frequency of NN variants than of MM
variants and of significant differences in NN
frequency for multiple fixations on the same
blood samples (data not shown) are consistent
with this interpretation.

For the exposed donors, VFs for the NO, MO,
and MM variants vary widely from control levels
to a high value of 1,312x107%. The non-
parametric, Mann-Whitney test'> was used to
confirm that the difference between the control
and exposed donors was highly significant for
all three endpoints (Table 1). The mean
frequencies of NO and MO variants were similar
for the exposed donors suggesting that radiation-
induced loss of GPA expression may occur at
comparable frequency for both the M and N
alleles. The mean frequency of MM variants was
also elevated in the exposed donors suggesting
that radiation exposure may induce events that
lead to homozygosity (e.g., chromosome
missegregation or mitotic recombination).” This
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elevation in homozygous variants, however,
appears to be smaller than the eclevation in
hemizygous gene-loss variants. While data on
the role of ionizing radiation in inducing events
that lead to homozygosity is still limited, there
are reports on X-ray-induced mitotic recombi-
nation in yeast,’4 in Drosophil:{lts‘16 and on
possible missegregation events induced in human
cells by in vitro exposure to ionizing radiation."”

Dose Response

T65DR estimates of total dose (gamma rays and
neutrons) for each exposed donor were used to
determine the relationship between radiation
exposure and the observed GPA-loss VFs. A
median test provided by Brown and Mood!®
showed thal there is an increasing trend in the
median VF with increasing dose. This gives
probability levels that the slope is less than or
equal to zero, of 0.034, <0.001, and 0.002 for
NO, MO, and MM, respectively (NN is not
significant).  Since dose-dependent increase of
VF was suggested, the trend was estimated by
assuming a linear model (VS=a+bD) as the data
set is too small to allow a rigorous test of the
shape of the dose-response curve (i.e., linear vs
quadratic models). Also a mean hemizygous VF
was calculated for each individual using results
from replicate blood samples to simplify the
analysis and reduce the effects of measurement
errors. Mean values included both NO and MO
VFs since both endpoints showed similar
spontaneous and induced frequencies. Figure 3a
shows the hemizygous VFs for the control and
exposed donors. The fit parameters obtained
were; a=23X 1075, b=D17 ¥ 1078 /eGy, corre-
lation r=0.33. Although many points cluster
around the linear regression line, some individual
values by dose differ greatly from the calculated
fit. A linear fit to these data neglecting the four
values on the top and the four highest dose
values yielded similar fit parameters (a=10%
107%, b=0.15 x 107% /c¢Gy, r=0.76) showing that
the fit is not dominated by outlying values.
These outlying values will be discussed bhelow.
Previous studies of chromosome aberrations in
A-bomb survivors also showed considerable
scatter for the frequencies of individual donors,
but a clear dose-response was observed when
average frequencies were calculated for groups of
donors in different dose intervals.’ Figure 3b
shows a similar analysis where the exposed
donors were divided into four dose groups with
the mean VF and dose plotted for cach group.
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The linear regression line gives fit parameters, N A==, a=15X10"%, b=0.22X10 %/eGy,
= -6 1 -6 =
a= 15 X107, b=022x W0 (cGy, r=099. The. _pg00 6 %, 2ORBWES EBAF—25

grouped data fit remarkably well with a linear )
regression. Boh-BEEMER: XKELGBEAL TV A,

FIGURE 3 PLOTS OF HEMIZYGOUS VARIANT FREQUENCY (VF) vs T65DR DOSE FOR
EACH OF THE CONTROL AND EXPOSED DONORS
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Mean values of all NO and MO measurements were used for the VI values for each donor. Panel
(a) Individual VFs for all control and exposed donors. VFs greater than 200 are plotted at the top
of the panel. These VFs are 336, 330, 244, and 668 %1078 (from low to high dose). The line
corresponds to a linear regression on these data (see text). (b) VFs of pooled groups of control and
exposed donors. Exposed donors were ranked by dose and divided into four groups each containing
10 or 11 donors (dose intervals; 14-62, 69-174, 180-359, and 361-884 ¢Gy). Control donors made
up a fifth, zero-dose group. Each point corresponds to the mean hemizygous VF and the mean
dose for each group. The line corresponds to a linear regression on these data (see text).
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DISCUSSION

Comparison with Other Radiation Effects

Before comparing the results with other studies
of  radiation-induced mutagenesis, several
syslematic errors in the dosimetry should be
considered. The T65DR dose estimates used in
this study are currently being replaced by revised
estimates (DS86) based on improved calculations
of the yield of neutrons and gamma rays from
the chm'm,lg and more precise calculations of
shielding effects. While final DS86 estimates
are not available for these donors, interim
estimates (186) for 13 exposed donors are about
30% smaller than the T65DR estimate. Second,
recent estimates suggest marrow doses are only
77%-87% of the free-in-air doses for gamma
rays.zo Third, neutrons from the Hiroshima
homb would increase effective dose to the
marrow due to their high relative biological
effectiveness (RBE).2!  However, the neutron
effect should be relatively small; current
estimates suggest that neutrons contribute less
than 10% of the total Hiroshima dose.'”” Thus,
the T65DR dose is probably within a factor
of two of the true marrow dose.

A comparison of our results with the results
from previous studies of radiation-induced
specific locus mutations provides support for
a mutational origin for GPA-loss variants.
Induction of somatic cell mutations in cultured
human and rodent cells exposed to ionmizing
radiation in vitro has been extensively docu-
mented at the HPRT,2"% TK3+* and HLAY
loci. These data can be fit to a linear model
with spontaneous frequencies of a=3-30 X 1078,
and induced frequencies of b=0.06-0.4x
107%/cGy. Elevated frequencies of somatic cell
mutations at the HPRT locus after in vivo
exposure toradiation in mice®? are also consistent
with linear parameters of similar magnitude
(a=1.5%107%, and b=0.2 x 107%/cGy). Finally,
results for heritable mutations in mouse germ
cells by specific locus method are also compatible
with linear parameters of a=58x%10"°% and
5=0.2-0.6 x10"%/cGy.>® Thus, the similarity
in the values of the linear fit parameters obtained
from the GPA assays and those obtained from
these specific locus mutagenesis assays strongly
supports a mutational origin for GPA-variant
erythrocytes.

Increases in GPA-loss variants can also be
compared with increases in other indicators of
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genetic damage and health risk in Hiroshima
survivors. Since other studies generally report
results for pools of donors in different dose
intervals, comparisons can best be made using
ratios of values for high dose pools (mean
T65DR dose around 400 cGy) to values for low
dose pools (T65DR dose of less than 1 c¢Gy).
The mean frequency of hemizygous GPA variants
increased about 11-fold in the highest dose pool
compared with the control pool (Figure 3b).
This increase is very similar to a 15-fold increase
in the frequency of exchange-type chromosome
aberrations reported for high dose Hiroshima
survivors.>¢

Increased risk for malignancy in exposed
individuals has been seen most clearly for
leukemia. While the relative risk of cancer varies
with age at exposure and time since exposure,
cumulative values for Hiroshima and Nagasaki
survivors from 1950-82 show a relative risk for
total leukemia mortality of about 13-fold for
those exposed to an average of 400 cGy>*
and 4-fold for the breast cancer.’® Overall there
is about a 2-fold increase in mortality from all
cancers (excluding leukemia) for those exposed
to high doses.>*® Studies for the possible genetic
effect of radiation (untoward pregnancy
outcome, F; mortality, and F; sex chromosome
aneuploidy) could not show any statistically
significant dose relationships but ““the observed
effect is in the direction suggested by the hypo-
thesis that genetic damage resulted from the
exposure.”*® The estimated average doubling
dose (156 rem) suggests about 6-fold increase of
risk for the survivors who received 400 cGy.
Thus, while risks differ for each of the health
outcomes, increases in health risks are generally
similar in magnitude to increases in the fre-
quencies of GPA-loss variants and chromosome
aberrations.
Mechanisms for Persistence and Individual
Fluctuations

Since we see a highly significant difference of
VF between exposed and control donors over
40 years after radiation exposure, it is of interest
to consider possible mechanisms for the persis-
tence of this effect and for the wide fluctuations
in VF among different donors with similar
exposures. It seems probable that radiation-
induced mutational lesions that are stably
integrated in hemopoietic stem cells are respon-
sible for the elevated VF values in exposed
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donors. It seems unlikely that nongenetic
mechanisms for loss of one allelic form of
GPA would persist over this time interval,
particularly since erythrocytes are continuously
replenished every 120 days.“ Reports of
elevated chromosome aberrations in erythroid
precursor cells®® or in bone marrow cells®
from A-bomb survivors also suggest long-term
persistence of genetic lesions in stem cells. The
quantitative agreement in linear-fit parameters
derived from studies of short-term in vitro
experiments and those obtained in this study
of persistent effects in A-bomb survivors suggests
that mutant stem cells contribute to the erythro-
cyte pool over a long time period with no
selective advantage or disadvantage relative to
non-GPA-mutant stem cells. This result contrasts
with an apparent in vivo selective disadvantage
of HPRT-deficient lymphocytes observed in
heterozygous mothers of Lesch-Nyhan b‘:)ys,‘w’“1
A recent report that the HPRT-deficient mutant
frequency in T-lymphocytes of exposed A-bomb
survivors is increased less than twofold over
controls®® also suggests a selective disadvantage
for lymphocytes with this mutant phenotype.

Although the VFs of most donors are consistent
with a linear dose response, the values for some
exposed donors differ dramatically from those
predicted by the linear fit in Figure 3a. While
the limited precision of this assay (pooled
CV=60%) might explain the scatier at low doses,
it is unlikely that measurement errors are
responsible for the large deviations consistently
observed in some donors. Analyses of replicate
blood samples from some of these exceptional
donors (Table 2) illustrate the size and reproduci-
bility of these deviations from the expected
values, These exceptional donors appear to fall
into two categories. For moderate-dose donors
(170-500 cGy) large fluctuations in VFs were
seen among donors with similar exposures and
between alleles in individual donors, while for
high-dose donors (>500c¢Gy) uniformly low
VFs were observed (Table 2 and Figure 3a).

Because measurements of MO and NO variants
provide two biochemically equivalent but
genetically independent endpoints, a comparison
between MO and NO frequencies for each
donor should differentiate between the {wo
explanations to be mentioned below for VFs
that differ from the calculated dose response.
One explanation is that the exposure history of
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individual donors differs from the T65DR dose
estimates (e.g., errors in T65DR or therapeutic/
occupational genotoxic exposures), or that
individual donors differ in their susceptibility
to DNA damage (e.g., differences in repair
capability).*® In this case an individual's MO
and NO frequencies should be equal but differ
from the expected value. While this explanation
is compatible with low VFs for both alleles in
high-dose donors, it seems unlikely, for example,
for the four donors with VFs greafer than
200 x 10~% (Figure 3a) because it cannot account
for the large discrepancies between alleles for
these donors (Table 2). Thus, while errors in
dosimetry or differences in susceptibility may
be responsible for some deviations from the
expected VF calculated from T65DR, this
explanation does not satisfactorily account for
the large deviations for several donors.
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TABLE 2 SUMMARY OF REPLICATE ANALYSES ON SELECTED
EXCEPTIONAL DONORS

#2 A% BT R O KB O A

Observed
Donor T65DR VF (X10°%)* Expected
No. Dose VF (x107¢)%

NO MO

72 173 478 42 53
882 60

26 336 115 875 80
21 307

77 388 16 175 100
13 175

29 463 1312 251 117
1045 65

60 672 34 44 163
13 22

30 884 17 “ 209
14 15

*FPor each donor, the top rows are results from the initial blood sample,
while the second rows are results from a replicate blood sample. The
following are the time intervals between the two samples for cach donor
(from top to bottom): 3,6, 1,7, 1, and 8 months.

AR ErSIz, LHH@S 1 P omEoE, 2B UaEowRy

FEhTLA, AHREO2MOEEERMOMEBE 263, 6,1, 7, 1,

ThHh .

8 &#H

#Expected VF values caleulated from the T6SDR dose using the linear fit

parameters in Figure 3b.

[A3b OEMIER G374 — & —ENVT,

BLHE ¢ I £ il

12

T65 AT HEade st A 5 B L A 2SR



A second explanation is that large deviations
from the expected values result from statistical
fluctuations, such as Poisson uncertainty in the
number of mutations produced in stem cells of
reduced pool or uncertainty in the number of
mutant stem cells that are contributing to the
erythrocyte pool at any given time. In this case
MO and NO frequencies would not be correlated
for a given donor, and if the expression fluctuates
predominantly then both frequencies could vary
with time. The results for some moderate-dose
donors show large and reproducible differences
between NO and MO frequencies that are
consistent with Poisson fluctuations in the
mutant induction in a limited stem-cell pool
Time-dependent expression fluctuations appear
to be less important, as results from initial and
replicate blood samples were highly correlated
(r=0.87, p<0.001, typical sampling interval
2-3 months). Even exceptional VFs persisted
for up to eight months (Table 2). Poisson
fluctuations alone, however, do not explain the
consistently low VFs seen for both alleles in
high-dose donors.

One additional factor, radiation-induced stem-
cell kill, may clarify the response of the GPA
assay for all exposure groups. It has been shown
in mice that the survival of hematopoietic stem
cells decreases exponentially with radiation
dose,* sothat high-dose exposures could severely
reduce the number of surviving stem cells in
the A-bomb survivors. The following model
illustrates how stem-cell kill can affect induc-
ibility of mutations in erythroid precursor
cells and produce the deviations that we observed
from expected values for moderate- and high-
dose donors. To be consistent with our obser-
vations, this model requires a stem-cell pool size
in the range 10°-107 for a normal individual.
To complete the model, a Dy (dose reducing
survival by 1/e) of 100 cGy observed in mice®
was used to estimate stem-cell kill in humans,
and the fit parameters from Figure 3b were
used to estimate induced mutation frequencies.

We used this model to predict numerical estimates
of stem-cell kill and mutation induction at three
radiation exposures. A low-dose exposure of
50 ¢cGy would produce minimal cell kill and an
induced VF of about 10x107% The average
number of mutant stem cells would be 10-100/
donor, which is large enough that Poisson
fluctuations would be relatively small.  An

13
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exposure to 400 cGy would reduce the stem-
cell pool size by two orders of magnitude thus
10%-10° cells per individual would have survived.
At a calculated VF of 100X 107° for this dose,
the mean number of mutations per donor would
be 1-10 and the statistical fluctuations among
donors (and between alleles) would be expected.
Additionally, the magnitude of these statistical
fluctuations would be large because each
additional mutation in a stem-cell pool of this
size would increase the VI by 10-100x 1078,
Finally, for an exposure of 800 cGy, the stem-
cell pool would be reduced to about 10%-10°
per individual, so that even with an expected
VF of 200x107%, no GPA mutations would be
produced in most individuals. Because of their
small number of surviving stem cells, most
individuals would have normal background VF
while a few would have extremely high VF.

In fact, detailed examination of individuals’
records revealed that, one denor (T65DR,
882 ¢Gy) out of the four high dose outlyers was
found to have shown chromosome aberration
frequency of 45% in peripheral lymphocytes.
She had been reported to have had acute
symptoms as fever and purpura, strongly
supporting that the low VF of GPA mutation is
probably due to the extensive loss of stem cells.
For the rest three individuals, the frequency
of chromosome aberration is relatively low
(7%-10%) and it is not clear whether the low
VFs are due to extensive stem-cell kill or the
currently estimated doses are overestimated.
Among the four high VF outlyers, two (T65DR;
336 and 463 cGy) are also shown to have
chromosome aberration frequency of more than
40%, suggesting a severe destruction of hemo-

poietic stem-cell pool and rare mutant inductions.

Although the exact number of ultimate stem
cells is not clear in experimental animals or
in humans,* present results suggest the number
of such hematopoietic progenitor cells persisting
over 40 years may be in the order of 10% in
health individuals.

Ultimately, the utility of the GPA assay for
determining the exposure history or health
risk of individual donors is dependent on the
precision with which rare mutational lesions are
stably recorded in a finite number of stem cells.
This analysis of data from A-bomb survivors
shows that in individuals who received large
acute radiation exposures, VFs can differ
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substantially from expected values presumably
due to statistical recording fluctuations because
of a small number of surviving stem cells at the
genesis of variant cells, Our model suggests
that statistical fluctuations should be less signifi-
cant for low-dose or chronic exposures because
of minimal perturbation of the normal stem-cell
pool size. These fluctuations should also be less
significant for assays performed a short time
after exposure since the target pool could
contain short-lived erythroid precursors as well
as stem cells. While the current number of
low-dose donors is too small to test these predic-
tions, it should be possible to directly determine
the significance of statistical factors for different
exposure conditions by a systematic study of
the correlation between NO and MO frequencies
in exposed donors.
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