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SEISHI KYOIZUMI, Ph.D. ( st a2 ); MITOSHI AKIYAMA, M.D. ( #lgEf )

SUMMARY

In vivo-derived hypoxanthine guanine phosphoribo-
syltransferase (HPRT)-deficient mutant T cells iso-
lated from three nonirradiated controls and from two
atomic bomb survivors were studied by Southern
blot analysis to investigate the molecular spectra of
the mutations. Mutant frequencies (Mf) for the three
controls were 1.8, 2.3, and 7.3 x 10~ and those for MM 3, #hFh1.8,
the two survivors (estimated radiation doses, DS86
kerma, were 2.46 and 2.15 Gy) were 9.3 and 14.4
% 107, respectively. Of the 105 mutant T cell
colonies from the controls 14 (13%) showed various
structural changes in the HPRT gene. The frequency
of HPRT gene structural change in one survivor
with a Mf of 9.3 x 10~°
was significantly higher than that of the controls.
However, the frequency of structural changes in the BN E D S A
other survivor (14%, 8/59) was not higher than that
Five sets of mutants consisting
of from two to six colonies had the same HPRT

of the controls.

alterations.

Of these sets,
rearrangements of T cell receptor (TcR) f and ~
chain genes, indicating a clonal expansion from one
progenitor mutant. All three of these sets (in total,
10 colonies) were observed in the survivor who
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showed a significantly higher frcqucncy-of £ross W 5N DL
alterations than the controls. One survivor thus

gave results suggesting a different molecular specira
of in vivo mutations from that of the nonirradiated
controls, but the other did not. The other two sets of
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survivor) sharing HPRT changes had different TcR
rearrangements indicating the mutations occurred
in stem cells before the rearrangement of the TcR
genes.

INTRODUCTION

The detection and characterization of somatic cell
mutations occurring in vivo in humans have been
made possible by the development of cloning of 6-
thioguanine-resistant (TG") T lymphocytes from the
peripheral blood.!? These TG' T cells have been
identified as true mutants by the demonstration of
their deficiency in HPRT activity and by HPRT
gene structural alterations as defined by Southern
blots.!=* The frequency of these mutant T cells
has been reported to be on the order of 107% to
10~5 in healthy nonmutagenized adults?>~8 and
to be increased in older people®® and in cancer
patients who have received chemotherapy and/or
radiotherapy.}®}1 These results demonstrate the
feasibility of using this mutation assay to monitor
the mutagenic effects of environmental agents on
somatic cells, Recently, we reported an elevated
frequency of TG" mutant T cells in Hiroshima A-
bomb survivors and a significant positive correlation
between Mf and radiation dose.?

The molecular nature of the spontaneous in
vivo HPRT mutations has been investigated with
Southern blotting in several laboratories. The
demonstrated structural alterations included dele-
tions, rearrangements, and amplification. Turner et
al® reported a high frequency of gene amplification.
The frequency of such gross alterations among
spontaneous mutants ranged from 19% to 57% in
studies analyzing a small number of mutants (11
to 30 mutants per study).>*12:13 Nicklas et al*
studied a larger number (164) of mutants and found
a lower frequency (9.8%) of gross alterations. Thus,
the frequency of major gene alterations in HPRT
demonstrated by the T cell cloning technique seems
to be as low as 10%-20% for spontaneous mutants.

Such a low frequency of gross alterations in spon-
taneous mutants should allow the definition of the
type of mutagen to which cells were exposed, espe-
cially in the case where the mutagen preferentially
induces gross gene changes. Ionizing radiation has
been shown by in vitro experiments to frequently
induce large deletions.'®~17 The analysis of mutant
T cells obtained from A-bomb survivors should
provide valuable information as to whether in vivo
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radiation damage to DNA also is characterized by
an excess of gross gene changes. Such an analysis
should also provide data for understanding the late
effects of A-bomb radiation, the most prominent
one of which is the increase in cancer mortality.!3
We report here the results of analyses by Southern
blotting of TG" mutant T cells isolated from two
male A-bomb survivors who had a 3- to 4-fold
increase in Mf compared to the average value of
nonirradiated individuals.

MATERIALS AND METHODS

Cloning of mutant T cells

TG" mutant T cells were cloned from the peripheral
blood of three controls who were not in the city
at the time of bombing and from two proximally
exposed survivors with estimated radiation doses
(DS86 kerma) of 2.46 and 2.15 Gy.!® All of these
were males of similar age and had no physical
disorders. As shown in Table 1, the Mfs of the
two controls (HK, HW) were 1.8 x 10~° and 2.3
% 1076, which is comparable to the mean Mf
(3.4 x 107°) of 17 individuals who were distally
exposed to the bomb and whose radiation dose was
less than 0.01 Gy.2 The MF of the third control (JN)
was 7.3 x 107 which is more than 2-fold higher
than the mean value of the 17 control individuals.
The two exposed survivors were selected from 30
previously studied survivors.® They showed Mfs
of 9.3 %x107% and 144 % 10~%, which were
approximately twice or more of the mean value
(5.4 x 107°) of the 30 exposed survivors. The
control HW and the two survivors were smokers.
The control JN stopped smoking 10 years ago.

TABLE 1
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SNADEPEVIWHELMRERMI T 2TH59,
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O E0R OFEY (5.4X107°%) O 2 1510
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ANALYZED SUBIJECTS

#1 BELAMEH

Mutant Number of  Number of
Individual Age Radiation C’loping fre,qucll%y mutants mutants
(yr)  dose (Gy) efficiency (x 107")  expanded analyzed

Control

HK 57 0 0.36 1.8 55 40

HW 58 0 0.33 23 15 12

JN 53 0 0.58 73 66 53

Total 105
Survivor

JS 54 2.46 0.58 93 72 61

MT 54 2,15 0.45 14.4 72 59

Total 120
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The method for cloning TG" mutant T cells has pre-
viously been described in detail.” Briefly, mononu-
clear cells were recovered from the defibrinated
peripheral blood using Ficoll-Hypaque density cen-
trifugation. An average of 1 or 10° fresh cells
per well were inoculated with feeder cells into
microwells without or with 2.5 pg/ml 6-thioguanine
(TG), respectively. The cells were cultured with
medium containing phytohemagglutinin (PHA) and
interleukin 2 (IL2). After 15 days, the presence or
absence of lymphocyte colonies was determined by
observing each well with an inverted microscope.
Cloning efficiency (CE) was calculated from the
proportion of colony-negative wells, assuming a
Poisson distribution of cells having the ability to
form colonies. Mf was obtained by dividing the CE
of TG-selected cells by the CE of nonselected cells.

TG" mutant colonies were expanded from 3 x 10°
to 30 x10° cells using 24-well plates by means
of the intermittent addition of irradiated allogeneic
lymphocytes and Raji B-cells and a medium con-
taining 0.2 ng/ml recombinant IL2 (Takeda, Japan).
The cells were centrifuged and the cell pellets were
stored at —80°C until DNA extraction.

Southern blotting

For the isolation of DNA, frozen cells were thawed,
suspended in 0.3 ml of phosphate-buffered saline
(PBS), then 1 to 5 ml of digestion buffer [20 mM
Tris-HCI pH 8.0, 100 mM NaCl, 5 mM EDTA,
0.5% sodium dodecyl sulfate (SDS)] containing
100 pg/ml RNaseA (Sigma) was added. After one
hour of incubation at 37°C, 1 to 5 ml of diges-
tion buffer containing 400 pg/ml of Proteinase K
(Boehringer, Mannheim) was added and the mixture
incubated at 37°C for four hours. The selution was
phenol-chloroform (2:1) exiracted, then dialyzed
against T{pE; (10 mM Tris-HCI pH 8.0, 1 mM
EDTA) and stored at 4°C.

For the Southern blots, 5 ug of DNA was digested
to completion with the restriction enzymes EcoRI
and Bam HI (Toyobo, Japan), fractionated on a
0.7% agarose gel in Boyer’s buffer (50 mM Tris-
HCI1 pH 8.0, 20 mM Na-Acetate, 2 mM EDTA,
10 mM NaCl) and transferred to nitrocellulose
filters (Schleicher & Schuell), using 20x silicone-
coated slide culture (SSC). Prehybridization was for
three hours at 65°C in 50 mM Tris-HCl pH 7.8,
10 mM EDTA, 1 M NaCl, 10x Denhardt’s solu-
tion, and 0.1% SDS. Hybridization was carried out

TGr K ERNTMAD 70 —= v FEIZD2VTIE
Wi CREE L2, 7 BT AE, BEAE % Ficoll-
Hypaque P00 T 7 4 7)) ¥ RFML LY 55 8
L, & well 1 X 142105 O Frifallia % feeder 2
bz, 6-TG 2.5 ug/ml % & £ %\ microwell,
&t microwell TR ZHIZIGEREL #~. ML 7 1 b
~z 7 NFy (PHA) BUA ¥y —ufx»2 (IL 2)
EHUR MO L 2. 15 H B, & well & f#3r#
STEEL TY v I — OF AR L .
TU— AR BN E L OMIIA A ET Y L &
LAHLEELT, Ju~—HEREh TVE W well
DEE,ETO— =Y FHE (CE) 2K 1. FEH
25 BN b 2 o T, TG IRA o CE &
JERPUMAE > CE TH#l» TR® 72,

TG A% M au=— 1424 well plate 2T, X
Hadt L 7= (Wl ) > /¥ BR B OF Raji BN & I8 6 19 (2
Mz, 0.2ng/ml OFlAHRA L 2 (FIHEEE) &5
Bz B0 3 X108 A5 30X108 (2Hin &/, e
damb L, MLy E DNA o it £ ¢—80C ¢
AL 2.

Southern blot &

DNA %578+ 5 2-0h, SEAS AN & 88 0 L T o/ 5E il
W (PBS) 0.3ml Ci#if L, RNase A(Sigma)
100 pg/ ml % & &0 1~ 5 ml @ 3 fk #% il 7% [ 20 mM
Tris-HCI pH 8.0, 100 mM NaCl, 5 mM EDTA,
0.5% F7 ¥ MRS b4 (SDS) ) &A=, 37T
T 1A v ¥ 25— Mk, 400 gg/ ml O Proteinase
K (Boehringer, Mannheim ili) & & trif{b 82 ifi ik 1 —
5ml %M %2, 37C CABEMIA » Fax—-F L D
ik % phenol-chloroform (2 2 1) T L, Tk,
(10 mM Tris-HCIl pH 8.0, 1 mM EDTA) Ti&#frL,
4TC TRTFL .

Southern blot i % JHv» 3 /=, DNA 5 ug & il R
B% 3% EcoRI & ¢F Bam HI ( MUiE#h) T 2t L,
Boyer #% ifi #% (50 mM Tris- HCl pH 8.0, 20 mM
Na- Acetate, 2 mM EDTA, 10mM NaCl) # H]
0.7% ") agarose gel T4yl L, 20X silicone- coated
A F 4 FE;#E#% (SSC) Tnitrocellulose 7 4 L% —
(Schleicher & Schuell ) (Z03F &4t /. Prehybridi-
zation {£50 mM Tris-HCl pH 7.8, 10 mM EDTA,
1M NaCl, 10X Denhardt ###M U 0.1% SDS T,



for 12-16 hours at 65°C in 2 ml of the same solution
used in prehybridization, containing 100 pg/ml
denatured salmon sperm DNA. The probes were
labeled with [*2P] d CTP (Amersham) to a specific
activity ranging from 2 x 10° to 7 x 10° cpm/ug
using a random primer method (Amersham kit)
and 15-30 ng of a probe was added to one filter.
Washing of hybridized filters was performed at
65°Cin0.5x SSC, 0.1% SDS in the case of HPRT,
andin 0.1x SSC, 0.1% SDS in the case of the other
probes. Autoradiography was performed at —80°C
with Dupont intensifying screens.

Alterations of the HPRT gene were detected with
a 941-base pair (bp) full-length cDNA of the gene
(insert-cleaved with Pstl from pHPT30),2° kindly
provided by Dr. C. T. Caskey, Howard Hughes
Medical Institute, Baylor College of Medicine,
Houston, Texas. Gene rearrangements of TcR
and « chains were studied with a 770-bp ¢cDNA
constant region probe of the gene,?! a gift from
Dr. T. W. Mak, Ontario Cancer Institute, Toronto,
Ontario, Canada, and a 700-bp genomic probe of
Jq,zz courtesy of Dr. T. H. Rabbitts, Medical
Research Council, England, respectively.

RESULTS

From 15 to 72 mutant colonies grown in 96-well
plates were originated from each person and were
transferred to 24-well plates for further expansion.
As shown in Table 1, 73%-85% of the transferred
colonies reached cell numbers of more than 3 x 10°.
These colonies were cryopreserved until DNA ex-
traction. In total, DNA was extracted from 105
colonies obtained from three control individuals and
120 colonies obtained from two exposed survivors.

Alterations of the HPRT gene were detected by
Southern blot analysis using a HPRT ¢DNA as a
probe. Fourteen (13%) of 105 mutants from the
three controls and 24 (20%) of 120 mutants from the
two exposed survivors showed structural alterations
(Table 2). These alterations included loss of some
exons with or without the gain of new fragments or
only the gain of new fragments. It is possible that
we failed 1o detect some mutants with HPRT gross
alterations because fragments involving exons 4-5
are very faint on most blots. Figures 1a and b show
representative blots of mutant DNA digested with
EcoRI and BamHI, respectively, obtained from the
survivor JS. Of 16 mutant colonies, 7 have gross
alterations of the HPRT gene. Information as to
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65T T 3 B§M 4T - 7z, Hybridization |¥ prehybridi-
zation THIW/D EE LIETE2 ml 1IZEMEL 297 K1
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70— 7' 1% random primer % ( Amersham kit) % H
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@, Ontario M Toronto i @ Ontario Cancer Insti-
tute O T. W. Mak T4 (M5 770 bp D ¢ fisk
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96 well plate THIRI L 216~72M MR E R T 0 = —
i, BEALPSAFLALOT, HICHA S0
24 well plate ~f L /=, 1 IZRL AL 12, 24 well
plate IZF8 L #273% -85% 2 v = — (3 fa%k 3 X108
LlEicEL, Zhau-——4%DNA AP EhaE T
HEEMRTEL 2, 2T, 320 BEISAFL
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DNA # i U 2.

HPRT i#t{% %21 k1%, HPRT ¢DNA # 7u— 7 & L
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DO 2R EL &2 2R Rk AT &
ol bt dbNiFb Xla BUbIZIE, #HE
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EcoRI & U BamHI ¢l L 7~ %0 % blot #5755 L ¢
&5, RMEREI=—16ADH &, HPRT {5
DHALELABENEOFTHTH L. EOSvF
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which band corresponds to which exon or autosomal
pseudogene was obtained from the report of Patel et
al.20 EcoRI-digested DNA of mutant S-58" shows
both a loss of a 8.0 kb band and a gain of a 9.0 kb
band, indicating a loss of an EcoRI site. BamHI-
digested DNA of the same colony shows a loss of a
25 kb band (the faint fragment seen in the 25 kb
region is due to an autosomal cross-hybridizing
sequence) and a gain of a 15 kb band, indicating
a gain of a BamHI site or a deletion which does not
involve all of the exons 6-9. Mutant S-31" shows a
deletion of 8.3 kb EcoRI-band and both a deletion
of a 12 kb and a gain of a 15 kb BamHI band.
This indicates a gain of both EcoRI and BamHI
sites or a deletion which does not include all of
exons 2-3. A gain of a faint new band of the same
size (7.5 kb) was observed in mutants S-267, 497,
597, and 68". These new bands are not products of
partial digestion because HindIIl-digested DNA of
these mutants also showed a gain of new fragment
of the same size (data not shown). These colonies
probably lost a 10.5 kb EcoRI-fragment. A gain
of a 23 kb new fragment and probably a loss of
a 25 kb band were observed in BamHI-digested
DNA of mutant S-48". EcoRI-digested DNA of this
colony showed no change, indicating a gain of a
BamHI site.

BEOTY Y v, XL o BRI e 5
O EwnI K IE Patel 5* oEH»S5 AT L -
ZEYAZE Bk S-58" @ EcoRI {{k DNA 1, 8.0kb
Ny FDRERTF0kb Ny FOMIMERL, 2O
Z L1t EeoRI#ifi R %K &TRL Twa. [il—20 = —
@ BamHI §i5{t DNA 14, 25kb /3> F/R % (25kb fiiky
THIEF R A3 5 h 5010, WEE A cross-hy-
bridizing BRI D 7= TH 5 ) K15 kb 23> FIEM %
AL, ZOZ & BamHI S oM, HES0Fy
VY6 -9FU T LETARNTEELVREEZRLT
VWA, AR S-317 1%, 8.3kb EcoRL/S» KD
KoM, K 112 kb BamHIL 23 > F /K 4, 15 kb BamHI
SNy FMEIIZFE LTS, ZhlE EcoRI & U
BamHI O Wi o iz nr v 2 -3 &#6+L
LETANTEFLEWREERT. FILAkES (7.5kb)
DFEH LSy FOBIINAZEIRZE ¥k S-267, 497,
59T B 68T THM L. Th s DOBEMERED
Hind M 3% {k DNA £ R U A & & O #rlr v @ 8 %
TRLAED (F—2ImEhWn), ZOH Sy FidEs
WlkltkoTHEERALOTIREZV., ZhedD
o= — 5% 5 < 10.5 kb EcoRI M i & 2 - (v 7=
755, 23kb HilMT R OB VRS (25kb /32 F O
IR A, ZEMREE (R S-487 @ BamHI i b DNA (2
Ao h, ZhHhzaua=— EcoRI i#1t DNA (214
] DAL & 4 o 725, 2 4uld BamHIL 50 o 18 h1 %
T

TABLE 2 HPRT STRUCTURAL ALTERATIONS IN MUTANT COLONIES

#£2 TR ow = — 415 HPRT Ws2 ik
Number of Alterations Number of mutants
Individual mutants with same HPRT
analyzed  Del® Del+N? N¢  Total alterations
Control
HK 40 2 2 0 4 0
HW 12 0 0 0 0 0
IN 53 4 5 1 10 7l
Total 105 6 7 1 14 3
Survivor
IS 61 2 10 4 16 6+2+2
MT 59 4 4 0 8 2%
Total 120 6 14 4 24 12
%Deletion K %
bDeletion + new band & &+ # 5y F

¢Only the appearance of new bands. #i/{ > F O%H O &
*Sets of mutants with different TcR rearrangement
43 TeR BN & 4§ 2 R IE DHL
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Figure 1. DNA from 16 mutant T cell colonies isolated from A-bomb survivor JS was analyzed for HPRT gene
structural alterations (a, b) and TcR 3 and ~ gene rearrangements (c, d). DNA was digested with EcoRI (a) or
BamlH]I (b) and probed with a full-length HPRT ¢cDNA. (Note: EcoRI-digested DNA of mutant S50% was analyzed
in a different blot and showed no changes.) After washing out the probe, Bamlll blots were rehybridized with a
¢DNA for TcR 3 chain constant region (c) or a genomic fragment of the J region of TcR + chain (d).

1. GiMAMMREIS Lol 26RO RMERTHMaT=— A2 500 L~ DNA %, HPRT @ {5 2 {L (a, b)
Bt TeR B, ¥ {4 - HHEW (¢, d) MIZHBHB LA, DNA % EcoRI(a) X(f BamHI(b) Til§{k L, HPRT cDNA #
Fa— 7k LA ((E: R MK S50T @ EcoRIi§{t DNA 1fh® blot TH ML 247, M bZEL & RS LA 2
Fa— 7k EiIFLTHE, BamHI blot 1, TeR A S8({ZE T ¢ $l# D cDNA(c) & 5 vid, TeR ¥ 8l (4 1 J Hibk 2 4
il (d) T A 70 KK L 2.
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The frequency of mutant colonies with gross al-
terations at the HPRT locus was 26% (16/61) in
survivor JS, which was significantl Ly higher than
that of controls (13%, 14/105; X“value=4.334,
P=0.037). However, the frequency (14%, 8/59)
of the other survivor was not higher than that of
controls. When the results from the two survivors
were combined, the differences in frequency were
not significant.

We have also analyzed the rearrangements of the T
cell antigen receptor genes (summarized in Table 3)
because the rearrangement pattern is unique to each
T cell clone and can be used as an independent
clonal marker.!*?% As shown in Figures lc and d,
most of the colonies have different rearrangements
of T cell receptor  and ~ chain genes. Mutants
S-267, 497, 59°, and 68" shared the same TcR
gene rearrangement patterns, suggesting that these
colonies were derived from one mature T cell. As
shown in Figures la and b, these mutant colonies
possessed the same HPRT gene alteration. Thus,
these alterations do not represent independent mu-
tational events but are the result of the proliferation

HPRT M fE FIE A4 Eb s LA RRER
a0 = — OB X ERE IS T6% (16/61 Z it
*f RE & OMIRE (13%, 14/105; X * fili=4.334, P=
0.037) ICH~EHRIZE W, £2AH, &)1 8DH
HWeH OB (14%, 8/59) 3xtMFIZLAE 22
. 2ROBBEORR AT LS L, BUEETHE
Tl % » - i

HHR R AT O — Y ICHAOLOC, T
sA—F v —Ah—¢ELTHWARZENFTES LD,
T #l B B0 0532 A IR (5 1 o0 PRRERY (463 12 8E) &
LAWY Fle BRUdIZHB LI, FEALED
go= —(CTHIER 2 8 R Oy {2 0% 4 -
EERR A S-S RIRENE S-267, 497, 39" &
V68T |& TeR M {2 AN APFHLT, Zhsod
ag - — A 1L{EOEATHMa»r a2 & 4
AL, MlaRUbiImLALHIZ, 2L A%
FRag=— 3R —® HPRT #t{Z 2L &4 L

wt.:m;vh,_hh&kiUJLt*%”N
PR T AL, ERTOLEOZRERL LA THUGR A

TABLE 3 T CELL RECEPTOR (TcR) 8 AND 4 GENE REARRANGEMENTS
IN MUTANT COLONIES

%3 EMERIo- IR ATHNZZERE (TeR) A& Uy {2 T
Number of Number of
Individual mutants mutants with HPRT alteration
analyzed same TcR®
Control
HK 40 2 -
HwW 12 2 —
IN 33 2 —
Total 105 6
Survivor
18 61 B —
2 £5
2 +
6 +
MT 59 2 —
Total 120 14

@Rearrangements of both TcR £ and «y chains were analyzed using two

enzymes (BamHI and EcoRI).

TeR AR Y HUR(ZE T B & —DOFEH (BamHI B U EcoRI) & HIVWTAHIL /-,
bSets of mutants carrying the same HPRT alteration.
[d]—¢ HPRT 2R & fi T 2 RM AR OM



of one mutant T cell in the periphery. The other two
colonies which are not shown in the figure showed
the same TcR rearrangement and HPRT change. It
is remotely possible that the sharing of TcR rear-
rangement patterns and HPRT alterations between
these colonies is the result of a technical problem,
e.g., transfer of the cells of one well to another
during the cloning procedure. However, this is
not likely because one of these mutants was cloned
and propagated in a different experiment. Sharing
of both HPRT alterations and TcR rearrangements
was observed in two other sets (each consisting of
two mutants) in this survivor (JS). Sharing of TcR
rearrangements without detectable HPRT alterations
was observed in one set in each individual (each set
consisting of two colonies) (Table 3).

Figure 2 shows a set of mutant colonies (N8" and
N12% from control JN, which share the HPRT
alteration but possess different TcR rearrangements.
Mutants N-8" and 127 have a loss of 25, 12, and
3.7 kb BamHI bands and 11.0, 10.5, 8.3, and
8.0 EcoRI bands, indicating the deletion of all the
exons., These mutants had different rearrangements

N N N N N N N N N
3r 87 12f 27" 31" 45" 527 59° 617

N N N N N N N N N
3r  af 12 27¢ 317 457 B2' 59F  61F

Kb

23.1-

9.4

i

Figure 2. DNA from nine m

utant colonies isolated from control JN was analyzed as shown in Figure 1. EcoRI (a)
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WM LR LZOTHS, HIZERLTVBLEVAFZD
oD a0 = — 14— TeR FHEW % O HPRT &
fLERLAE. 5 well thoflilasrryo—=v yORIC
Bl well ~BEAT 220 iy 2 B8O -5,
02— T TeR MR R OF HPRT 28 5% A6 L (2
BREVITEFIFEAEBNGE Y., LAL, BO
FEBTINLOREBERKRD D& 70— 21k L,
st s, HfsMETHEZEEELISN
Zwv., HPRT AL & F TeR M O [ L & 01,
ZO#BE (JS) O 2oan=— (FhAFh 2RO
RMRERE S E3) THEO SN, BB THE .
HPRT Zft # & 44 W TeR BB OFE U & D1,
HPHEEINFHOLEO 0=~ (FHEHIZTO=—
A5 43) THYLNE (#3).

F2t23xaiE#INGO, HPRTZLIT R L THRE 3
TeR Bl #H T2 L f#lOREMTRT0 = — (N8
BUNIZY) oL, ZEMRAEREN-8"RU127 11,
25, 12, 3.7 kb BamHI v FAE{F11.0, 10.5, 8.3
K UFB.0 EcoRI N FRENSHN, 217V DK%

a4 N N N N N N N N N
3 8f 12 27° 31° a5t 52f  s59f 17

e

9.4-

or BamHI (b)-digested DNA was probed with a full-length HPRT cDNA. TcR f3 (c) or <y (d) gene rearrangement

was analyzed using BamHI blots.

2. "BEIN LD SHL-ZOBORBRER o —A o L2 DNA &, BILIZAL Ak 2L 2. DNA &
EcoRl(a) & # 13 BamHI (b) %/t L, HPRT eDNA # 70— 7% L TH v /A, TeR B(c) Xixy (d) (R 6L

BamHI blot # R vy THEAT L /.
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of TcR # and ~y chains (Figures 2c and d). Another
mutant from this person showed the same HPRT
change and different TcR rearrangements (data
not shown). These results suggest the mutation
occurred in a "stem cell” before the rearrangement
of TcR B or « chain gene. Two colonies from
the survivor MT also shared the HRPT alteration
(deletion of exons 2-9) but had different TcR
rearrangements.

DISCUSSION

The frequency (13%) of mutant colonies with HPRT
gross alterations obtained from nonirradiated con-
trols was compatible with the frequency (9.8%)
reported by Nicklas et al,'* who analyzed 164
mutants from eight individuals. The frequency
is also compatible with other results (19%-20%)
obtained from analyzing a smaller number of mu-
tants (16-30 colonies per report).} %13 We observed
some difference in the frequency between the con-
trols although the difference was not statistically
significant. One control (JN) showed a 2.5-fold
higher frequency (18%) of gross alterations than
that of the other two controls (7.7%). This person
also had a higher (3-3.5 fold) Mf. This might
be explained by a difference in the sensitivity to
the induction of certain kinds of mutation between
individuals because of a large variance in DNA
repair capacity among normal persons which has
been reported (see Reference 24 for review). The
difference in the frequency of mutants with gross
HPRT alterations observed in this study between
the two survivors with similar radiation doses might
also be attributable to this possible variance in
the sensitivity for mutation induction among indi-
viduals. Nicklas et al'? analyzed mutants from
eight individuals whose Mf ranged from 1.7 to
24.0 % 10~ but they found no correlation between
Mf and the frequency of gross alterations. The
possibility of individual differences in the molecular
spectra of spontaneous mutations should be further
investigated by analyzing a larger number of mu-
tants from each person.

One survivor (JS) showed a significantly higher (X )
frequency (26%) of mutants with gross alterations
than that of the controls. This suggests that
ionizing radiation may have played some role in
raising the Mf in this person. The frequency of
gross alterations is, however, lower even in this
person than observed in radiation experiments in
vitro. Skulimowski et al'” found HPRT changes
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in 17 (52%) of 33 mutants which were induced
by 3 Gy X-irradiation of fresh peripheral blood
lymphocytes. Higher frequencies of mutants with
detectable HPRT changes were observed in more
heavily (5-6 Gy) irradiated Chinese hamster ovary
cells.1® 16 Because the results of the experiments
using a lower dose of irradiation have not been
reported and the estimated radiation doses of the
two survivors JS and MT were 2.46 and 2.15 Gy, re-
spectively, the lower frequency of gross alterations
observed in these survivors could conceivably be
due to the lower radiation doses. However, it seems
that the results presented here and those from in
vitro experiments differ for other reasons. In the in
vitro experiments, the mutants are mostly radiation-
induced ones because the Mf was 15-30 fold higher
than the spontaneous level after 3 Gy irradiation.!”
The MF for the two survivors studied here is only 3-
4 times higher than the mean value of the controls.
This increase is approximately one-half of that
observed in lymphocytes after 2-2.5 Gy irradiation
in vitro.2® Provided 50% of the induced mutants
possess gross alterations (52% of mutants possessed
gross alterations after 3 Gy in vitro irradiation as
reported by Skulimowski et al'7), the frequency of
such alterations will be 30%-40% in these people.
Results for survivor IS (26%) are somewhat lower
but compatible with this estimate. Thus, the lower
frequency of gross alterations in these survivors is
probably the result of a loss of induced mutants
during 40 years since exposure to the bomb. The
mechanisms for the loss of induced mutants have
been discussed in detail in a previous report.®

Similar to results reported by several laboratories,
we observed a variety of different HPRT alterations
in these 225 mutant colonies. However, several sets
of mutant colonies showed the same HPRT alter-
ations. Three sets from survivor JS had the same
TcR rearrangements, indicating a clonal expansion
of mutant T cells in the periphery. This clonal
expansion raised both the Mf and the frequency of
HPRT gross alterations in this person. Although
the sharing of both HPRT changes and TcR re-
arrangements have not been reported in in vivo-
derived spontaneous mutants, this phenomenon is
commeonly observed in muant T cells induced by
ionizing radiation in vitro (Dr. R. J. Albertini
personal communication). This can be attributed to
the clonal expansion of progenitor mutants during
the "expression time". A similar process (mu-
tagenesis and proliferation of lymphocytes) must
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have occurred in the body of the survivors after
the exposure to the A-bomb. The recovery of T
cells after exposure should have occurred via both
the proliferation of mature T cells and from new
differentiation of stem cells. These three sets of
mutants in survivor JS might be the product of such
a recovery process in the periphery.

The sharing of HPRT structural changes has been
observed in another two sets (one from control
JN and the other from survivor MT) of mutants.
These two sets of mutants had different TcR rear-
rangements. This suggests that mutation occurred
in undifferentiated cells before the rearrangement
of TcR genes. This combination of mutants has
not been reported for healthy nonirradiated persons.
Because the HPRT alterations observed in these mu-
tant colonies were only the loss of exons, the size of
the deleted fragments cannot be determined. Thus,
strictly speaking, we cannot conclude that these
mutants exhibit the same molecular characterics.
However, it seems unlikely that different mutational
events produced these alterations, because the same
blot patterns have not been obtained from other per-
sons. If these blot patterns were commonly induced
by different mutations, these patterns should have
been observed in cells from multiple persons.

Evidence for HPRT mutation occurring in mature
peripheral T cells has been provided by Nicklas
et al,'* who showed that one wild type and one
mutant T cell clone from a healthy adult had the
same TcR gene rearrangement. The number of
mutant colonies which have been analyzed in this
way is still too small to allow an estimate as to
which type of in vivo mutation (peripheral or stem
cell) predominates in T cells. We have found a
mutation in a stem cell before differentiation into T
or B cells in one A-bomb survivor (Hakoda et al,
draft technical report submitted). In this person, the
frequency of mutant T cells was 35 times lower than
that of mutant B cells, suggesting that it is rather
difficult to detect offspring of mutant stem cells in
the T cell compartment. This may be attributable to
the age-dependent involution of the thymus®® which
is necessary for the differentiation of T cells.?”

Some of our results of A-bomb survivor JS, suggest
the induction of mutation in mature T cells by
ionizing radiations. However, the other survivor
studied here did not reveal such findings. As
discussed above, this can most likely be attributed
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to the loss of induced mutants during the 40 years
since exposure. Messing et al'? anlayzed mutant
T cells presumably induced in vivo by ionizing
radiation within a short time after exposure (a 3-
to 4-fold increase in Mf). They found no increase
in the frequency of gross alterations. However,
the number of mutants analyzed was very small
(14 mutants before and 7 mutants after) and thus
does not eliminate the possibility that there were
radiation-induced gene alterations present in mutant
T cells in vivo.

An elevation of the frequency of glycophorin A
variant erythrocytes has been reported among A-
bomb survivors.?® The radiation dose-response re-
lationship is much clearer in that system than in
HPRT-T cell system. However, the molecular
analysis of erythrocytes for their mutant character-
istics is not possible since erythrocytes lack DNA.
Different systems will be necessary to define in
vivo mutations induced by ionizing radiation at the
molecular level after such a long time has elapsed.
The use of the other loci might prove successful.
Janatipour et al?® reported the detection of mutant
T cells lacking the expression of HLA Class I
antigens. Because the loss of mutant cells after long
periods of time might be attributed to the kinetics
of wrnover of T cells,® use of other cell lineages
such as B cells might be appropriate. In vivo HPRT
mutant B cells have now been successfully cloned
from one A-bomb survivor who had a mutation in
an undifferentiated stem cell (Hakoda et al, draft
technical report submitted). Attempts to clone
mutant B cells from nonirradiated persons and from
the two survivors studied here are currently in
progress in our laboratory.
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