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SUMMARY

A modified method was developed for measur-
ing the frequency of variant erythrocytes at the
glycophorin A (GPA) locus using a single beam
cell sorter (SBS). Fluorescein- or phycoerythrin-
labeled monoclonal antibodies specific for the M
or N GPA alleles were used for the SBS assay.
Filter cross-talk of fluorescence emitted from these
two dyes was corrected using the SBS electronic
compensator. To prevent contamination of nucle-
ated cells in the sorting windows, the nucleated
cells in the fixed red blood cell sample were
stained with propidium iodide before flow sorting.
Blood samples were obtained [rom atomic bomb
survivors who were heterozygous for the MN blood
type, and the frequencies of the hemizygous and
homozygous variants of the M or N GPA allele
were measured by the SBS. For the three types
of variants, hemizygotes for M and N allele (N¢
and M¢) and homozygotes for M allele (MM), the
variant frequency measured by the SBS showed a
good correlation with that previously determined by
the dual beam cell sorter. Variant frequencies of the
N¢, Mg, and MM cell types in A-bomb survivors,
as determined by SBS measurements, were found (o
increase with radiation dose (DS86, kerma), as well
as with the frequency of chromosome aberrations in
lymphocytes.

Approved #&FE 21 June 1988

g 0

Glycophorin A(GPA ) B {ETMHZ #5171 2R IR 4
HEAMETARRBEE I VL E—L L =T —
(SBS) MW THEY L /2. M X3 NGPA #fr8ifs
TSR LT LA Y X E7 g O A B
E®/ 70—+ HiFx SBS (D
EEIOSBEVLENABED 7 NLY—TOA -7 %
SBS - # LA 12k DE U A, A7 BHiE A o 1
e ¥ 1A O sorting window 2R AT 20 & BT 5
Fethy, 7O— —F ¢ v L O EE A LER 2 7 v
OF L & propidium lodide Tista L 2. MRESL
MN BB o S Lt 7 AT, M XL
N GPA M EEF O G & O U &% R iEo
HIFE 4 SBS TillE L /2. SBS THEIEL M A UN
BT MAE T O ESE R (N BT M B
AE OO M A LR ol B A SR (MM 2 R
OB LI Fa T E—L -2y —F —r hifi
B Sl OB AR Y 6 i sBS llE LS
b TSR EO N, Mé B O MM Al i 5
04 B0 BURE (MGt (DSE6 kerma ] BT
o AR EREEE I T RIS Z N

wohi.

ok (A~ e .5 |

Printed ENRI January 1989



RERF TR 9-88

INTRODUCTION

It is well known that various environmental geno-
toxic substances including ionizing radiation induce
mutational lesions as well as induce cancer in
human somatic cells. Although the role of somatic
cell mutations in carcinogenesis is still unclear,
recent studies of oncogenes in somatic cells have
shown that gene alterations such as point mutations,
rearrangement, and amplification can facilitate some
steps in carcinogenesis (for a review, see Reference
1). Therefore, the detection and measurement of in
vivo somatic cell mutation is becoming an important
subject of research for the assessment of human
cancer risk induced by environmental mutagens and
lonizing radiation.

Al present, only a few methods are available
for measuring the frequency of in vivo mutants
in human somatic cells. One of the methods
is the hypoxanthine-guanine phosphoribosyltrans-
ferase (HPRT) mutation assay to detect peripheral
T-lymphocytes which have lost the expression of a
functional product of the X-linked HPRT gene.2—14
This assay has the advantage that the mutant
lymphocyte clones can be grown in culture with
interleukin-2 so as 1o oblain a detailed analysis of
the DNA changes that occurred with the HPRT gene
mutations.®® However, this HPRT mutation assay
requires a rather large volume of blood (20 ml)
and a long-term culture (two weeks). Furthermore,
it appears that the frequency of HPRT-mutant T-
lymphocytes induced by genotoxic exposure found
in the blood decreases during the many years after
exposure, as suggested by an earlier study of A-
bomb survivors.”

Recently, a flow cylometric assay for detecting
mutant erythrocytes lacking the surface protein GPA
was developed and appears 1o have some advanlages
over the HPRT assay.® Since the GPA mutation
assay requires only a small volume of blood (less
than 1 ml) and a short time (less than two days)
for the measurement of mutant frequency, i1 is
well suited for monitoring genoloxic exposure in
large populations. In addition, mutants at the GPA
locus (mapped o chromosome 4q) are not likely
1o be selected against in vivo because individuals
totally lacking GPA on their erythrocytes show no
clinical symptoms nor is the life span or func-
tion of the erythrocytes affected.? Moreover, this
method can measure the frequency of erythrocyles
of homozygous GPA phenolype, probably induced
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by somatic recombination, which is believed to be
an important genetic event in the development of
some human tumors (for a review, see Reference
10). Since GPA molecules are first expressed at the
erythroblast stage,' 12 a mutational lesion detected
in mature erythrocytes should have occurred in carly
erythroid precursor cells at some stage, including at
the pluripotent stem cell stage.®

In our previous report, the flow cytometric GPA
assay was used to measure the frequency of vari-
ant erythrocytes among A-bomb survivors from
Hiroshima.*® Tt was found that the frequency of
variant erythrocytes is significantly elevated in
the exposed donors even 40 years after a single
exposure lo A-bomb radiation, suggesting that the
GPA system may provide a lifctime cumulative
dosimeter of past radiation exposurc. Those data
were obtained using a dual beam cell sorter (DBS).®
In the present report we will describe a modified
method suitable for use with an SBS which is widely
available in many laboratories.

MATERIALS AND METHODS

Blood Sample

Blood samples were obtained from 68 A-bomb sur-
vivors participating in the RERF Adult Health Stdy
in Hiroshima and from four standard healthy donors.
These donors were confirmed to be MN heterozy-
gotes by a hemagglutination test usign rabbit typing
sera (Ortho Diagnostic Systems, Raritan, NJ). The
exposure dose for each survivor was estimated by
the recently developed DS86 system which is based
on improved calculations of the yield of neutrons
and gamma rays [rom the bomb and shielding
effects.!® One cohort of 43 donors was composed
of proximally exposed survivors with DS86 dose
estimales (total kerma) ranging from 0.11-5.02 Gy.
The second cohort consisted of 21 distally exposed
survivors having assigned doses of less than 0.005
Gy. They serve as age- and sex-matched controls
to the proximally exposed survivors. The standard
healthy donors were sampled three or more tlimes
during this study to examine the reproducibility of
the assay.

GPA wvarianl [requencics for 54 of the donors
examined in this study had also been measured by
means of a DBS at Lawrence Livermore National
Laboratory (LLNL), as reported previously.'® The
frequency of peripheral blood lymphocytes bearing
chromosome aberrations for 34 of the donors also
had been measured in a previous study.t®
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Monoclonal
Staining
The preparation and characterization of the mono-
clonal antibodies (MonAb) to GPA have been
described previously.t~1% The following four
MonAbs were used for this study: the GPA (M)-
specific MonAbs 6A7 (v1) and 9A3 (yl1); the
GPA (N)-specific MonAb NN3 (u); and the GPA-
specific MonAb 10F7 (1) that binds equally well
to both the M and N types of GPA. These Mon-
Abs were labeled with appropriate fluorescent dyes
according to methods described previously,!® with
a modification for adapting the assay to SBS. In
brief, MonAbs 10F7 and 9A3 were directly con-
jugated with fluorescein (-F suffix on the antibody
name), and MonAbs 6A7 and NN3 were conjugated
with biotin, allowing labeling with streptavidin-
conjugated phycoerythrin (-B-AvPE), which was
substituted for the Texas Red (TR)-avidin used
at LLNL.!® Phycoerythrin (PE)-streptavidin was
obtained from Becton Deckinson Immunocytometry
Systems (BD, Mountain View, Calif).

Antibodies, Cell Fixation, and

Blood samples were fixed with formalin or
dimethylsuberimidate (DMS, Sigma Chemical Co.,
St. Louis, Mo) to block antibody-induced agglu-
tination of erythrocytes, as described previously.1®
Briefly, formalin-fixed spherical erylhrocyles were
produced by diluting blood in a solution containing
sodiumdodecylsulphate, followed by fixation with
formalin. Formalin erythrocyte spheres were used
for staining with MonAbs 6A7-B and 10F7-F, but
this method cannot be used with the MonAb NN3,
as binding of NN3 to GPA is abolished by formalin
fixation. Another [ixation method using DMS,
which can cross-link proteins of erythrocyles, was
used after removing the buffy coat and plasma
proteins. All four MonAbs were able to bind GPA
on DMS-fixed erythrocyles.

Fixed erythrocytes (Sx 10%) were suspended in
phosphate-buffered saline (pH 7.2) containing
5 mg/ml bovine serum albumin, 0.01% Nonidet
P40, and 1.5 mM NaN32® and incubated for
one hour with a mixture of the primary MonAbs
(10 pg/ml each).  After washing twice, cells
were incubated for one hour with PE-streptavidin
(10 pg/ml). Before flow cytometry, propidium
iodide (PI, Sigma Chemical Co., St. Louis, Mo)
was added at a final concentration of 10 ug/ml to
gate out the contaminating nucleated cells from the
sorling windows, as described in the Results section.
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Flow Cytometry and Cell Sorting

Flow cytometry and sorting were performed on a
FACStar (BD) single beam flow sorter equipped
with an argon ion laser (2W). Both fluorescent
dyes, fluorescein (F) and PE, were excited with a
300-mW laser beam at 488 nm, and [luorescence
was detected through a 530-nm band pass filter
for F and a 585-nm band pass filter for PE.
The spectral overlap of F and PE [luorescence
was electronically compensated using a standard
erythrocyle mixture, as described in the Results
section. Measurements of erythrocyte fluorescence
were standardized with plastic microspheres labeled
with F or PE (CaliBRITE beads purchased from
BD). Lincar amplification was used for precise in-
tensily measurements, and logarithmic amplification
with a range of four decades was used 1o display
results from mutation analysis. Forward light scatier
was dalso measured and was used to set the threshold
to remove small debris. Flow speed for sorting of
erythrocytes was approximately 1,000 cells/sec.

Cells with specific [luorescence intensities of hem-
izygous and homozygous variants were sorted si-
multaneously from cach sample onto glass slides,
and the number of erythroyctes showing F and PE
[luorescence patterns specific for variant phenotypes
was determined under a [luorescence microscope
(Nikon, Tokyo) as described previously.?

RESULTS

Characterization of Assay Systems using SBS
Flow cytometric detection of variant erythrocytes
was described in detail in a previous report.® Three
types of assays, namely, the one-way assay (1W1)
and the two versions of the two-way assays (2W1
and 2W2), were developed using the DBS. In the
present study, two of these assays, 1W1 and 2W2,
were adapted for the SBS which uses F and PE as
uorescent dyes for two-color flow analysis.

The 1W1 assay uses formalin-fixed erythrocytes
stained with MonAb 6A7-B-AvPE specific for GPA
(M) and with MenAb 10F7-F that binds equally
well to both GPA (M) and GPA (N). With the 1W1
assay, lwo variant cell Lypes, hemizygous N¢ and
homozygous NN cells, can be detected simultane-
ously among erythrocyles from MN heterozygous
donors. Ng cells, which have lost the expression
of the M allele, lack 6A7-B-AvPE fluorescence and
retain half the normal 10F7-F fluorescence; whereas
NN cells, which have lost the expression of the M
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allele but express twice the normal amount of the
N allele as MN heterozygous erythrocytes, display
normal 10F7-F fluorescence.

The 2W2 assay uses DMS-fixed erythrocytes
labeled with MonAb 9A3-F specific for GPA (M)
and MonAb NN3-B-AvPE specific for GPA (N).
With this assay, hemizygous M¢ cells and homozy-
gous MM cells from MN heterozygous donors can
be measured simultaneously, M@ and MM variant
cells lack expression of GPA (N), but express GPA
(M) at a level equivalent to or Iwice as greal as
normal MN heterozygous cells, respectively.

The relative fluorescence intensities of normal MM,
MN, and NN erythrocytes stained with the four
MonAbs were measured by SBS and the results are
summarized in Table 1. The results from the single
stained samples illustrate the spectral overlap of
the F and PE fluorescence. Thus, the fluorescence
detector for PE responds to a small amount of F
fluorescence leaked from the band pass filter for
PE fluorescence, and vice versa. The fluorescence
intensity of the doubly stained cells is nearly equal
to the sum of the intensities of the two singly stained
cells which also demonstrates the filter cross-talk.

TABLE 1

6 MN AIMER &[A] U J 902 N STl a7 & TRl
O2fERM LT d NN MRS IES 4 10F7-F 8 0k
AL TVA,

SW2RIEHL TS, GPAM) LFHFRMEE/, 70—
F LR 9A3-F B U GPA(N) 129N EE/ 70—
+ L ik NN3-B-AvPE T # L 7= DMS [A17 #: 1l
Hamvs, ZOWEBREMOSE, MN RLUES
A RO S M MR A B B S MM AR % [A]
S HlETE S, Mg BUFMM ZRANEIE GPA (N)
OFERIEL VA, FRAFREE T MN R S
FlAHt L3 2 O td GPA(M) & &+ 4.

Mo®E/, 70—+ LETRA L LZEE S MM,
MN M OF NN 75 fiLER 0 b a6t i 5 & SBS Tl w2
L, ZTORRAHICEHLLE, H-Re@my 700
ERIE, FRAUPE HAOASZ PLORLD LT
Wi, LAad o T, PE #EXTIE PE 9 GEE N & A
Ry RRZZ 4= A 5HIHELAF®E EICRE
L, FEML THErELm &7y F2oA
T4y —A oL PESEIIRGG 4, TE
el oo BB IElL, 724V —2UA =P 4
T OO RGO R & EE LW,

RELATIVE FLUORESCENCE INTENSITIES OF DIFFERENT MN BLOOD

TYPES IN THE 1TW1 AND 2W2 MUTATION ASSAYS
1 IWL R Or2W2 222 ST 120 A0 & MN L A ol 1t B o) R i A o 1

Fluorescence intensity™

Antibody Green fluorescence (530nm) Orange fluorescence (585 nm)
MM MN NN MM MN NN
1W1 assay:
6A7-B-AVvPE 6 3 1 625 325 2
10F7-F 3 88 79 19 22 22
Both 81 80 81 630 325 20
2W2 assay:
NN3-B-AvPE 1 3 7 17 351 746
OA3-F 21 104 47 24 1
Both 189 96 8 68 434 782

@ Fluorescence intensity expressed as a percent of intensity of F- or PE-labeled

microspheres.
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Figure 1 also shows the effects of filter cross-
talk and displays the effectiveness of electronic
compensation. As shown in Figure 1B, the PE
fluorescence intensity of doubly stained NN cells
is greatly increased compared to that stained by PE
alone (Figure 1A). The same is true for MM cells
in the 2W2 assay and this is due to filter cross-
talk. Since this increment in the PE fluorescence
of thesc homozygous cells caused by such an
optical artifact lowers the resolution power [or
the detection of rare variant cells, the cross talk
was clectronically corrected using a compensator
(Figure 1C). Fluorescence window positions for
sorting variant erythrocytes were deflined using the
corrected contour of the control cell mixtures. The
following are the ranges of [luorescence intensities
that define variant windows (normalized to a valuc
of one for the intensily of a single allele with each
MonAb): for the N¢ variant, Y = 0-0.03, X = 0.7-
1.3; for the NN variant, Y = 0-0.03, X = 1.3-2.6; for
the M¢ variant, Y = 0-0.06, X = 0.7-1.3; and for the
MM variant, Y = 0-0.06, X = 1.3-2.6. The window
positions were nearly identical for all assays, but
the upper limits in the Y axis for the window were
slightly adjusted for each lot of antibody conjugates
which differed in their resolution of normal MN
cells and variant cells.

Detection of Variant Cells by SBS

For detection of N¢ and NN variant cells, erythro-
cytes from heterozygous MN donors were stained
with a pair of MonAb, and between 10° and 10°
cells were analyzed by the SBS for each sample.
All cells appearing in the two variant windows were
sorted onto glass slides 1o determine if they were
the erythrocyles having F green [(luorescence and
no PE orange fluorescence. Figure 2A shows the
result from a TW1 assay of 5x 10° erythrocytes
from a standard donor. The contour plot represents
several hundred events near and in the area of
the windows for N¢ and NN cells. Microscopic
examination of the sorted cells revealed that these
events were mainly due to contamination of the
erythrocyles by white blood cells (WBC) which
were nonspecifically stained with MonAb 10F7-F.
Since WBC contamination of the sorted cells inter-
feres with counting of the variant erythrocytes under
fluorescent microscope, it was necessary 1o remove
the WBC lrom the window area of the variant cells,
Labeling the WBC DNA with propidium iodide
(PI) was found to move the WBC in the coniour
plot up above the peak PE fluorescence intensity
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Figure 1. Fluorescence distribution of fixed erythrocyles from MM, MN, and NN individuals singly or doubly
stained with anti-GPA MonAbs used for the 1WI and 2W2 assay systems. Ordinates plot the logarithm of
PE fluorescence intensity and abscissae plot the logarithm of F fluorescence intensity. A. Contour plot singly
stained with PE-labeled MonAb without fluorescence compensation. B. Doubly stained with PE- and F-labeled
MonAbs without compensation. C. Doubly stained with compensation for both PE and F fluorescence cross-
talks. Compensated controur plot were used to define the positions of the variant cell windows for the IW1
and 2W2 assays, respectively.
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Figure 2.

Flow distributions obtained from analysis of about 5X 10° cells from normal MN donors using

1W1 (AB) and 2W2 (C,D) assay systems with (B.D) or without (A,C) PI staining. Contours differ by a factor of
10 in events per channel with the lowest contour representing one event per channel. The windows labeled N
and M correspond to hemizygous variants, while windows labeled NN and MM correspond to homozygous

variants. The arrows indicate clusters of white blood cells.
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of normal MN erythrocytes, while the intensity of
the erythroeytes did not change, as shown in Figure
2B. Sorting confirmed that the WBC contamination
in the sorted sample disappeared almost completely
after PI staining, and the frequency of N¢ or NN
variants as enumerated microscopically remained
constant with or without PI staining. Figures 2C and
D show the results of a 2W2 assay of 5x 10° MN
type erythrocytes stained without or with P1, respec-
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tively. Contamination of WBC in the sorted cells
was not as frequent in the 2W2 assay as compared
to 1W1 assay, probably because more WBC were
removed by extensive washing of blood samples
before DMS fixation. Flow sorling of samples
stained with PI in addition to MonAbs revealed that
20%-100% of the events occurring in the variant
windows correspond o erythrocyles with a variant
cell phenotype. Other objects contaminating the
sorted samples were missorted normal erythrocytes
and fluorescent debris, but these objects could be
microscopically differentiated from variant erythro-
cytes by their fluorescent staining pattern and/or
morphology.

The efficiency of detection of variant cells in the
assay system was examined by adding a small
number of normal NN or MM cells to MN cells at
an approximate frequency of 10~ before staining.
Cell staining and flow sorting were performed on
samples with or without added homozygous cells.
The efficiency of recovery of the added cells was
then calculated by the difference between these
measurements. As shown in Table 2, the average
efficiency of the recovery was approximately 100%
in both the 1W1 and 2W2 assays, indicating that the
variant frequency obtained from sorted erythrocytes

did not require correction for recovery efficiency as
was reported for the DBS.#

Variant Cell Frequencies in Normal Individuals
and A-bomb Survivors

Figure 3 summarizes the frequencies of variant cells
in four standard healthy MN donors and 21 distally
exposed A-bomb survivors whose DS86 dose es-
timates were less than 0.005 Gy (control donors).
The standard healthy donors were sampled three
or more limes. For these donors hemizygous Ne
and Mg cells and homozygous MM cells occurred
at mean frequencies of 18x 1078, 11x 10~¢, and
11% 1075, respectively, and standard deviations
of these frequencies for each donor are less than
15% 107%.  In contrast, the frequency of ho-
mozygous NN variants varied considerably among
multiple measurements on each of the standard
healthy donors, indicating that the reproducibility
of the measurement for NN variant cells is quite
low in comparison with that for the other three
types of measurement. The same kinds of results
were obtained from the control donors, including
the large deviation in NN variant frequency. These
frequencies are in agreement with those obtained
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TABLE 2 RECOVERY OF NN OR MM CELLS ADDED TO MN CELLS
IN THE 1W1 AND 2W2 MUTATION ASSAYS
#£2 IWlIERUzW2RMATERMGEEICEI S MNMEIZMZsh
NN X 1& MM #ifa o e
1W1 Assay

Recovery of added NN
cells

Experiment  No. of NN cells  No. of sorted
added/10%% NN cells/10° No. of NN cells %

recovered/10%%

1 : 42 - .
147 130 88 60

2 - 10 = -
133 171 161 121

3 3 40 2 5
98 153 113 115

4 : " 48 = :
78 113 65 83
5 - 8 - -
79 111 103 130
Average 102
2W2 Assay

Recovery of added MM

Experiment  No. of MM cells  No. of sorted sells

added/10%% MM cells/10°  No. of MM cells %

recovcred;‘l{)ﬁb

1 - 10 - E
100 104 94 94

2 - 8 - -
99 102 94 95

3 - 16 - -
100 108 92 92

4 - 36 - -
117 150 114 07

5 - 4 - -
101 108 104 103

Average 96

¢ Erythrocytes enumerated by Coulter counter.
Coulter #H¥ & ClbEh & 7o f i 3R

b Difference in the frequency of sorted cells between samples with and
without added homozygous cells.
[] BUdE AN A 0 A 2 BE AR R A VBR R O g BEA i O
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Figure 3. IHemizygous (N and M¢) and homozygous (NN and MM} variant cell frequencies for four normal

standard donors (81-54) and control A-bomb survivors (C). Each point for standard donors represents the result
of a determination on a separate blood sample from the same individual. FEach point for control survivors
corresponds to one test of each donor. The bars represent the mean = standard deviation.
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by the DBS measurements.512 Although the exact
reasons for variability in NN frequency are not
known as yet, it is thought that the 1W1 assay
is sensitive to alterations in glycosylation of GPA
molecules occurring either in vivo or during sample
preparations. 813

Variant cell frequencies of 54 A-bomb survivors [15
controls (<0.005 Gy) and 39 exposed (>0.11 Gy)]
were measured by both the SBS and DBS. Table
3 shows the correlation of variant cell frequencies
between the two types of cell sorter assays. Al-
though blood samples were taken at different times
for the SBS vs the DBS, N¢, M¢, and MM variant
frequencies were significantly correlated between
the SBS and DBS. On the other hand, the correlation
of NN variant frequency was found not to be
significant, probably due to the low reproducibility
of measurement in either assay, as discussed above.
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TABLE 3 CORRELATION BETWEEN VARIANT CELL FREQUENCIES
MEASURED BY SBS AND DBS

#3 SBS K& (¥ DBS THlFE L 24 SR HE O R
Variant cell No. of Correlation
type sample coefficient (r) P-value
N¢ 54 0.954 <0.001
NN 54 0.212 >0.1
Mg 33 0.828 <0.001
MM 33 0.726 <0.001

Figure 4 shows the relationship between the DS86
dose estimates (total kerma dose of gamma rays
and neutrons) and variant cell frequenices of the
Ne¢, M¢, and MM cell types. The trend was
estimated by assuming a linear model (y=a+bx) and
significant linear correlations were obtained for all
three types of variant cells. The fit parameters
obtained were a=33x 1075, b=0.63x 10~ %/Gy for
N¢; a=20x 107, b=0.32x 107%/Gy for M¢; and
a=15x% 107°, b=0.14x 10~4/Gy for MM. As shown
in the upper panel of Figure 4, two donors had
exceptionally high Ng¢ variant frequencies (more
than 1x 107%), and these extreme values greatly
affected the linear [it parameters, Eliminating these
two values, the calculation of linear fit for Ng
variant frequency gave parameters of a=27x 1075,
b=0.34x 10~ */Gy, closer to the parameters for M¢
[requency.

The correlation of erythrocyte variants with the
frequency of lymphocytes bearing chromosome
aberrations was examined for 34 A-bomb survivors.
Both stable and unstable aberrations were included
in the analysis and significant linear correlations
were obtained between aberration frequency and
cach of the variant erythrocyte frequencies of Ne,
Mg, and MM (Table 4). Figure 5 shows the lincar
regression line for M¢ variant frequency vs chro-
mosome aberration frequency with fit parameters of
a=11x 1078 and b=3.2x 10~%.
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Figure 4. Dose response of the variant cell frequencies (N¢h, M, and MM) for A-bomb survivors. The solid
line corresponds to a linear regression calculated from all data for each variant, and the dashed line in the
‘upper panel represents a linear fit omitling the iwo extreme values of exceptionally high N [requencies plotted
at the top of panel. Open circles (O) indicate the mean value of variant frequencies for the control donors (see
Figure 3), and r indicates the correlation coefficient.
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TABLE 4 CORRELATION BETWEEN FREQUENCY OF
ERYTHROCYTE GPA VARIANTS AND FREQUENCY OF
LYMPHOCYTE CHROMOSOME ABERRATIONS
#d  FRIMER GPA %S {EHIE &) v GG
L HURE O FH B Y 1R

Variant cell No. of Correlation Pivilie

type sample coefficient (r)

Né 34 0.416 <0.05
M 28 0.631 <0.001
MM 28 0.528 <0.01

x10-5)
L ]
300+

200

Frequency of M¢ Variant Cells

100

» i
0 1 2 3 1 5 6 (x10°1)
Frequency of Lymphocytes Bearing
Chromosome Aherrations

Figure 5. Relationship of the frequency between Md¢ variant cells and chromosome aberrations in A-bomb
survivors including control (0) and exposed donors (@ ).
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DISCUSSION

In this report, we describe a flow cytometric method
using an SBS for cnumerating mutant erythro-
cyles arising in vivo. The fundamental difference
between using a DBS or an SBS in GPA assaying
is the choice of fluorescent dyes used for labeling
antibodies, as necessitated by the difference in opti-
cal systems of the two cell sorters. This difference
required some modifications of flow cytometry in
order to adapt the mulation assay to the SBS. The
GPA mutation assay using the DBS employs F and
TR, which are excited at different wave lengths
(488 nm and 590 nm) by two separate laser beams,
and the emitted fluorescence is detected through
514-nm and 630-nm narrow band emission filters,
respectively, and thus no filter cross talk occurs.318
In the assay with the SBS, F and PE are both
excited by a single laser beam (488 nm), and the
emitted fluorescence is separated with a dichroic
mirror through two different band pass filters (330
nrn and 585 nm) to be quantified by photomultiplier
tubes. However, the fluorescence spectrum from
the two dyes cannot be completely scparaied by this
filter system, resulting in less resolution power with
the SBS for the detection of variant cells. Hence,
it is essential to correct the cross talk by the use
of electronic compensators with which commercial
SBS are generally equipped.

Nucleated cell contamination in the sorting windows
for the 1W1 assay is thought to be caused by
nonspecific binding of F-labeled 10F7 MonAb to
formalin-fixed WBC. Since formalin-fixed WBC
have a range of forward and side scatter similar
to the formalin-fixed erythrospheres, it is diffi-
cult to discriminate between WBC and erythrocyle
populations by gating in dual scatter histogram.
While this contamination was not observed in the
1W1 assay using DBS analysis,® when formalin
spheres stained with 6A7-B-AvPE and 10F7-F are
analyzed via the DBS using only one of the two
lasers (488 nm), WBC contamination in the variant
windows is also observed (unpublished observation
by Kyoizumi et al), indicating that the fluorescent
avidin is responsible for the contamination. It is
possible that the relative intensity of nonspecific
staining of WBC with TR-avidin is much greater
than with PE-streptavidin, thus moving the WBC
far from the position of the sorting windows in the
flow histogram of the 1W1 assay employing the
DBS.

The recovery efficiencies of variant cells using SBS
are much better than those for the DBS, which can
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also be attributed to the differences in fluorescent
dyes. The mean recovery efficiencies using DBS
analysis were approximately 270% for the 1W1
assay and 180% for the 2W2 assay,® while the
means for SBS analysis were approximately 100%
for both of the assays. Thus, the observed variant
frequencies in DBS analysis must be divided by
a correction factor, 2.7 for 1W1 or 1.8 for 2ZW2,
to obtain the exact variant [requencies. The major
factor affecting the recovery efficiency is thought
to be due to the difference in antibody-induced
aggregation of normal vs variant cells. Normal cells
arc more susceptible to aggregation than variant
cells because variant cells bind only one MonAb
and normal cells bind both. Since aggregales
of normal cells are counted as single events, the
observed recovery efficiency can thus be larger than
100%. The main difference in recovery efficiency
between the SBS and the DBS probably is due to
the differential aggregation effect of the secondary
fluorescent avidin. Supporting this hypothesis is the
fact that by flow cytomelry or under microscope
the PE-streptavidin conjugate has less agglutinating
activity for normal MN erythrocytes than does the
TR-avidin (unpublished observation by Kyoizumi et
al). Since the degree of induced erythrocyte agglu-
tination may not be constant for each reagent, these
staining reagents including MonAbs and avidins,
should be carefully chosen 1o ensure the accurate
measurement of variant erythrocyte frequencies.

In our previous study using the DBS,'? it was
clearly demonstrated that variant cell frequencies in
A-bomb survivors were significantly elevated over
40 years after cxposure. The present study shows
that variant frequency, measured by SBS and DBS,
correlates significantly confirming the finding of
elevated variant frequencies. The dose-response
effect of radiation on the induction of GPA variants
was analyzed in the previous report!® using the
T65D dose estimates, which are currently being
replaced by a newly revised dose estimate called
DS86.14 The slope of the dose effect calculated
using DS86 estimates (the mean of b values for
N¢ and Mé by SBS=0.33x 10~4/Gy) is about
2.4 times steeper than that using T65D estimates
(the mean of b by SBS=0.14x 10~%/Gy). Since
erythrocytes are continuously replenished every 120
days,*? radiation-induced mutations must be stably
integrated in the long-lived hemopoietic stem cells
of A-bomb survivors. Therefore, use of the esti-
mated bone marrow dose is appropriate for analysis
of the radiation dose effect. Dose estimates for bone
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marrow are available in the DS86 system** and are
about 80% of the total dose in kerma. The induced
rales per gray using bone marrow dose estiamtes are
b=0.40x 104 /Gy for N¢, 0.41x10~4/Gy for Mg,
and 0.18x 10~ 4/Gy for MM variant cells, which are
1.2 to 1.3-fold higher than using total dose. These
values are nearly equal, within a factor of 2.0, to
the induced mutation rate obtained through studies
of radiation-induced HPRT mutation in cultured
human lymphocytes??:21 and skin fibroblasts.22:2%
It is noteworthy that the frequency of MM vari-
ants significantly increases with the DS86 dose
estimate, suggesting that radiation exposure may
induce events leading to homozygosity in a dose-
dependent manner. However, the induced rate per
"gray for MM variants was less than half of that
for hemizygous gene-loss variants. This is not
surprising in that the events leading to somalic
recombination andfor chromosome tnissegregation
would be less probable than events leading to gene
loss mutation.

The induction of HPRT mutant peripheral T-
lymphocytes in A-bomb survivors was also previ-
ously reported.” Mutant lymphocyte frequency was
found to significantly increase with the DS86 dose
estimates in 44 donors (P<0.05), while both the
spontancous frequency (a=3.7x 10~%) and the slope
of the lincar regression line (b=7.5x 1077/Gy)
was much less than that for GPA mutant fre-
quency. Furthermore, although data are not shown,
the HPRT mutation assay was performed for 29
A-bomb survivors (8 controls and 21 exposed) who
were examined in the present GPA study, and the
correlation of frequencies between GPA variant
erythrocytes and HPRT mutant lymphocytes was
not significant (P>0.1). This is thought to be
due to the difference of in vivo kinelics between
mutant erythrocytes and lymphocytes during the
long period alter A-bomb radiation exposure. The
hemopoietic stem cells with mutational lesions at
the GPA gene have survived for more than 40
years and they continuously supply mutant mature
erythrocytes to the peripheral blood. In contrast,
replenishment of HPRT-deficient T-lymphocytes
from mutant stem cells may be limited in adull
or older individuals because lhymic processing
required for T-cell differentiation is known 1o
diminish with aging.242% Thus, the frequency of
induced HPRT-deficient T-lymphocytes may have
gradually decreased in the blood of A-bomb sur-
vivors during the long period since exposure without
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replacement of mutant cells from bone marrow.
Additonally, it remains to be seen whether radiation-
induced HPRT-deficient T-lymphocytes also have a
selective disadvantage similar to that observed in
Lesch-Nyhan heterozygotes.2

Large deviation of variant frequencies from the
linear regression line using the T65D dose system
were previously reported for the highly exposed
donors.!® Such fluctuations were also observed
using the SBS assay and the DS86 dose estimates.
A decrease of the stem cell pool size caused by
cell killing at high radiation doses can explain these
fluctuations as previously proposed.’®> High-dose
exposure would dramatically reduce the number
of stem cells available for "recording” induced
mutations, and Poisson [luctuation would largely
affect the number of induced mutations in a limited
number of stem cells. N¢ variant cells in the several
donors showing extremely high variant frequency
(1x 10™2) might have been derived [rom mono-
or oligoclonal mutant precursor cells arising in a
very small stem cell pool. The monoclonality of an
in vivo mutation of exceptionally high frequency
was also observed for HPRT mutant lymphocyles
(2% 10~%) in an A-bomb survivor.?” It was clearly
demonstrated by Southern blotting analysis that the
T and B mutant lymphocytes carried an identical
alteration of the HPRT gene and exhibited a variety
of rearrangement patterns of the T cell receptor
(Cg) and immunoglobulin genes (Jy), indicating
differentiation of lymphocytes from a monoclonal
mutant stem cell.

There is growing evidence that events leading to
a homozygous state, including mitotic recombi-
nation and chromosome missegregation, occur in
vivo and play an important role in the produc-
tion of hereditary human tumors as suggested by
restriction fragment length polymorphism (RFLP)
analysis of tissues in retinoblastoma,!®28:29
Wilm's tumor,1®30=32 and other tumors.?3:34
These studies also suggest that a new class of
cancer gene may exist, defined as an antioncogenc,
in which mutation includes deletion of one allele
followed by somatic recombination, which may
result in carcinogenesis.*?2® The somalic recom-
bination of these mutated antioncogenes may also
play an important role in nonhereditary oncogenesis.
We have recently observed an extraordinary high
¢levation of homozygous GPA variant frequency
in Bloom's syndrome (1-2 x 10~?) which is known
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to be a cancer-prone hereditary disease.3® In these
patients, it has been reported that the spontaneous
mutation frequency is about 10 times higher than
that of normal people.?®37 Thus, the increased
spontaneous frequencies of both mutation and so-
matic recombination may provide predisposing con-
dition for carcinogenesis. The observation that the
frequency of homozygous MM variant cells signif-
icantly correlated with radiation dose may suggest
that somatic recombination possibly contributes to
radiation-induced oncogenesis in A-bomb survivors
whose cancer incidences increase approximately
linearly with DS86 dose.®® However, an assay
method remains to be established to detect NN
homozygous variants. Since somatic recombination
should produce two kinds of daughter cells, MM
and NN, it is expected that the two frequencies
should be similar. Becaue the GPA assay cannotl
provide confirmation at the DNA level of somatic
recombination such as can be done with RFLP
analysis, it is important to develop a precise method
for detecting NN wvariant frequency in order to
substantiate the results of the GPA assay for MM
variants.

Finally, the frequency of chromosome aberrations in
lymphocytes increased approximately linearly with
increasing dose in Hiroshima A-bomb survivors,!®
thereby providing valuable information as a biolog-
ical dosimeter of past radiation exposure. Since the
GPA variant frequency showed a significant corre-
lation with chromosome aberration [requency, the
erylthrocyte GPA mutation may now be considered
a new biological parameter indicative of radiation
exposure, and more precise dose estimation may
be achieved by the combination of the two assays.
A large-scale study of GPA mutation in A-bomb
survivors, using the SBS in conjunction with chro-
mosome aberration frequencies, will be undertaken
alt RERF.
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