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SUMMARY

The effects of atomic bomb radiation on hemo-
poietic stem cells were studied cytogenetically
and from the aspect of differentiation and
proliferation, using single colonies derived from
human hemopoietic stem cells. The subjects
studied were A-bomb survivors in the high dose
exposure group (T65D 100+rad) with a high
incidence (10% or more) of radiation-induced
chromosome abnormalities in their peripheral
lymphocytes, and their controls. Examinations
were performed on 21 A-bomb survivors (10
males and 11 females) and 11 controls (5 males
and 6 females).

Colony formation of hemopoietic stem cells
(granulocyte/monocyte-colony-forming cells,
GM-CFC and burst-forming unit-erythrocytes,
BFU-E) was made by the methylcellulose
method patterned after the methods of Iscove
et al and Ogawa et al using 5-10 ml of peripheral
blood. Chromosome specimens were prepared

from single colonies by the micromethod which
we have reported elsewhere.
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The total number of colonies analyzed in the
exposed group was 131 GM-CFC and 75 BFU-E.
Chromosome abnormalities were observed in
15 (11.5%) and 9 (12.0%) colonies, respectively.
In the control group, the total number of colonies
analyzed was 61 GM-CFC and 41 BFU-E, but
none of the colonies showed chromosome
abnormalities. A highly significant difference in
chromosome abnormalities was demonstrated by
an exact test with a probability of 0.3% for
GM-CFC and 1.7% for BFU-E. The karyotypes
of chromosome abnormalities obtained from the
colonies of hemopoietic stem cells in the exposed
group were mostly translocations, but deletion
and marker chromosomes were also observed. In
two individuals, such karyotypic abnormalities as
observed in the peripheral lymphocytes were
seen also in the hemopoietic precursor cells.
This finding suggests that radiation may produce
an effect even on relatively undifferentiated
hemopoietic stem cells.

INTRODUCTION

Longitudinal cytogenetic studies of peripheral
lymphocytes in A-bomb survivors have dem-
onstrated radiation-induced chromosome ab-
normalities even after more than 30 years.l
Some cases have even shown clone formation.
Radiation-induced chromosome abnormalities
have also been observed in bone marrow cells
of A-bomb survivors.?™ These findings suggest
the possibility that radiation-induced chromo-
some abnormalities and abnormal proliferation
and differentiation continue to be present in the
hemopoietic stem cells of A-bomb survivors.

Recently, with the advancement of studies on
hemopoietic stem cells, it has become possible
to identify GM-CFC and BFU-E in the peripheral
blood. GM-CFC and BFU-E are hemopoietic
precursors of granulocyte/monocytes and
erythrocytes, respectively. Each of these colonies
observed in in vitro hemopoietic cell colony
formation represents a group of cells derived
from a single hemopoietic stem cell.>® Periph-
eral lymphocytes may possibly be derived from
lymphoid stem cells as well. It is still unknown
whether there exist in human adults totipotential
stem cells which are the common stem cells of
lymphoid, granuloid, erythroid, and megakaryo-
cytic cells.”” 1If radiation-induced chromosome
aberrations as observed in peripheral lymphocytes
are derived from abnormalities in such totipo-
tential stem cells, the same abnormalities may
possibly be detected in myeloid cells.
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Further, it is possible that such chromosome
aberrations have a role in the developmental
mechanism of leukemia and other related diseases
and also in other late radiation effects. In this
respect, it is important to elucidate the behavior
of hemopoietic stem cells with chromosome
aberrations. The present study was conducted
in an attempt to ascertain these possibilities
using a newly developed in vitro method of
hemopoietic cell colony formation and a method
of preparation of chromosome specimens from
single colonies.

MATERIALS AND METHODS
The subjects consisted of high dose A-bomb

survivors selected from the Adult Health Study
sample who were under 20 years of age at

the time of the bomb (ATB), whose estimated
radiation dose (T65D) was 100rad or more
and whose chromosome study by culture of
phytohemagglutinin (PHA)-stimulated peripheral
leukocytes disclosed a high percentage (10% or
more) of chromosome aberrations, and their
controls. The controls were those in the same
age-group, whose estimated dose was Orad and
whose percentage of chromosome aberrations
was 0%-1%. Examined in this study were
a total of 39 individuals comprising of 16 males
and 23 females. Mononuclear cells were collected
by Ficoll-Metrizoate’s density gradient centrifu-
gation method from 5-10ml of heparinized
peripheral blood. The mononuclear cells were
washed three times with alpha-medium (Flow
Laboratories).

Formation of Colonies

The methylcellulose method, patterned after
Iscove et al'® was used for formation of GM-CFC-
derived colonies. To obtain 4-5X 10° cells/ml in
the final concentration, peripheral blood
mononuclear cells were mixed with media
containing 20% fetal calf serum (FCS, Hyclone,
Sterile System Inc., Logan, UT), 0.88% methyl-
cellulose, and 10% giant cell tumor-conditioned
medium (GCT-CM, GIBCO), and 1ml of the
mixed solution was dispensed to four to eight
plastic petri dishes (Lux).

For formation of BFU-E-derived colonies, the
methylcellulose method patterned after Ogawa
et al'' was used. Cell suspensions were mixed
with media containing 30% FCS, 1% bovine
serum albumin (Sigma Chemical Co., St. Louis,
MO), 2U/ml erythropoietin (EPO; Step III,
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Connaught Laboratories, Toronto, Canada),
and 0.88% methylcellulose to obtain 4-5 X 10°
cells/ml in the final concentration, and 1ml
of the mixed solution was dispensed to plastic
petri dishes, The mixture was cultured in a
5% CO,; incubator with adequate humidity
at 37°C for 7-14 days. Chromosome specumens
were prepared from the colonies obtained.

Preparation of Chromosome Specimens from
Single Colonies

Chromosome specimens were prepared on day
9-10 of culture for granulocytic colonies and on
day 12-13 for erythroid colonies. Our own
technique'® modified from the methods of
Rajendra et al’® and Dube et al'* was used.
A volume of 0.1 ml Colcemid (0.1 ug/ml) was
added to each of the culture dishes and cultured
for a further 1-2 hours. Single colonies were
collected with a micropipette under an inverted
microscope. The cells were mixed well with
0.075 M KC1(10 ul) on a slide coated with 0.1%
(W/V) poly-L-lysine (Sigma, P1524). The slide
was immediately turned over and subjected to
hypotonic treatment at 37°C in a wet chamber
for 25 minutes. The slide was then turned
upright, allowed to stand for 15 minutes, and
then fixed. After adding a drop of 30% fixing
solution (methanol : acetic acid, 3:1), the slide
was allowed to stand for a further five minutes.
After adding three drops of 20% ethanol and
being allowed to stand for 10 minutes, the slide
was immersed in 100% fixing solution for 10
minutes, immediately dried over an open flame
and stained by the coventional Giemsa method.

Chromosome Study by Culture of PHA-stimulated
Peripheral Leukocytes

Chromosome specimens were prepared by
the conventional peripheral leukocyte (T lym-
phocyte) culture method' patterned after
Moorhead et al.’®

RESULTS

Of the 39 cases, 4 cases were excluded for
bacterial pollution, 2 cases for absence of
analyzable metaphase, and 1 case for absence of
growth of GM-CFC and BFU-E. Therefore,
the subjects studied were a total of 32 individuals
of whom 21 were high dose survivors (10 males
and 11 females) and 11 controls (5 males and
6 females). The number of chromosome
specimens prepared from colonies of hemopoietic
stem cells in these 32 cases varied with the
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volume of blood drawn, the number of mono- MZAAICHAVWA BRI I o0 - — RS

nuclear cells used' for implantation, anF1 t'he rate DM IEE DB TH o7 ZOEHEIE GM-CFC T
of colony formation. The range of variation was
18-140 (mean 59) for GM-CFC and 0-161 18~140 (¥ 1559), BFU-E T 0 ~161 (F£#50) T

(mean 50) for BF:U—E. Of these, analyzable bt ZOI3L, MIFTEETH - 7~ it kil A
chromosome specimens (colonies) were ex- " B . ) e
amined, the results of which are presented (F2bba0=—)DRIFHLRIZOVTUTE

hereunder. o

In the 21 cases of the high dose group, the

I]UH]b'BI' E}f CDI{}IliBS E.Vﬂﬂﬂ.blﬂ fgr ChIDmDSDHlE I‘:;_JF?E: ﬁt?&'ﬁi}l'ﬁ E#fEl ﬁij HE'*: %@.f;f—: ff} fﬁ_ ﬁ{ “Iﬁﬁ T c% = f.:
analysis was a total of 131 for GM-CFC and 75 a0 = —0O¥1t GM-CFC Tit~~1314@, BFU-E T

for BFU-E. Distinct chromosome aberrations . ,
iE /X T 5% 3 b BR 5 A g 58 ik $
were observed in 15 colonies (11.5%) of the MEANTHET & - TN LMWL EREERR D

former and in 9 colonies (12.0%) of the latter oo hiaoo=—0#HKlL, & TISM@A(11.5%),
(Table 1). BT IME(12.0%) Tho7 (£1).

TABLE 1 CHROMOSOME ANALYSIS OF HEMOPOIETIC COLONIES IN HIGH DOSE GROUP:
FREQUENCY OF CHROMOSOME ABERRATIONS

£] STEBHEBERECFIIEMIO=—DREFIH: EEZEO BREARE

Frequency of chromosome aberrations

Case Sex Age TGSD . d
(yrs) in rad PHA-stimulate GM-CEC BFU-E Tt:-stal frequency
leukocytes (%) in stem cells

1 F 49 1107 38 1/5 0/1 1/6

2 F 57 787 44 0/0 3/5 3/5

3 F 39 710 20 1/10 0/4 1/14

4 F 48 673 40 1/3 1/1 2/4

5 M 52 526 28 1/12 2/6 3/18

6 M 44 521 26 0/3 0/0 0/3

7 F 54 477 38 2/8 0/9 2/17

8 F 49 423 10 0/1 0/1 0/2

9 F 56 416 23 2/4 0/2 216
10 M 40 390 23 0/2 0/9 0/11
11 M 45 329 39 1/1 0/0 1/1
12 M 51 222 16 1/6 0/0 1/6
13 M 53 284 22 0/8 0/5 0/13
14 F 52 281 14 0/17 0/2 0/19
15 M 55 264 15 1/3 0/0 1/3
16 F 47 264 10 0/4 1/5 1/9
17 F 52 255 15 1/7 1/6 2/13
18 F 53 255 19 2/20 1/4 3/24
19 M 52 228 12 0/0 0/12 0/12
20 M 51 220 11 0/0 0/1 0/1
21 M 54 163 13 1/17 0/2 1/19

Total 15/131 9/75 24/206
11.5% 12.0% 11.7%
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In the 11 controls, no distinct chromosome
aberrations were found in the chromosome
analysis of 61 GM-CFC or 41 BFU-E colonies
(Table 2). A highly significant relationship
between the two groups was observed by an
exact test for GM-CFC (P=0.003) and BFU-E
(P=0.017).

xtEEEE 11 GM-CFC oW T, MENOCLED IO

——llonTEkS LTV, %7 BFU-E ¢i
ERAFEO o= — oW TREESIT 21T - & 7,

WwWtfhoaovo——stBEHs 2 REFEREED
Shhahor-(F2). GM-CFC(P=0.003) & U
BFU-E (P=0.017) O #i% %7 A b Tld, MWEMHEI

O TEHEZHERIBZEENL.

TABLE 2 CHROMOSOME ANALYSIS OF HEMOPOIETIC COLONIES IN CONTROL
GROUP: FREQUENCY OF CHROMOSOME ABERRATIONS

£2 MBI EMITUZ—ORBEST: BEEMO BRERE
Frequency of chromosome aberrations
Case Sex AE0 .
(yrs) GM-CEC BEU-E Tc,:utal frequency
in stem cells
22 M 54 0/6 0/2 0/8
23 M 53 0/24 0/3 0/27
24 M 53 0/0 0/1 0/1
2 F = H) 0/5 0/4 0/9
26 M 39 0/0 0/7 0/7
27 F 51 0/1 0/5 0/6
28 F 48 0/14 0/12 0/26
29 F 56 0/5 0/0 0/5
30 M 50 0/2 0/5 0/7
31 F 50 0/3 0/0 0/3
32 F 53 0/1 0/0 0/1
Total 0/61 0/41 0/102
0% 0% 0%

Most of the abnormal karyotypes observed in
hemopoietic stem cell colonies were confirmed
in at least two or more metaphases per colony.
All the karyotypes analyzed in colonies with
abnormal karyotype showed the same karyotypic
abnormalities as in individual colonies, except
for numerical abnormalities probably due to
random loss. The results of analysis of two
colonies wherein many karyotypes were obtained
are shown in Table 3 and Figure 1. A total of
24 karyotypic abnormalities in GM-CFC and
BFU-E were obtained. These karyotypic abnor-
malities were mostly translocation, but deletion
and marker chromosome were also found (Table
4). Whether the karyotype showing hypodiploid
chromosome number was clonal or artifact could
not be confirmed except in one colony with two
analyzable metaphases (Figure 2a and b).
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TABLE 3 CHROMOSOMAL ANALYSIS OF TWO COLONIES WITH MANY ANALYZABLE METAPHASES
£33 S22 OPHEBReAT S 2030 = —D AT

1.

— e

A granulocyte-macrophage colony with eight analyz- 2. An erythroid burst with twelve analyzable meta-
able metaphases derived from GM-CFC of Case 1.

phases derived from BFU-E of Case 17.

Karyotype Number Karyotype Number
46,XX,t(2g+;3q-) 6 46,I§X,t(2q—; Cqg+),del(Dq)
X +:Da—
050 a0 o PR
44,XX,~C,~E, 1(2q+;3q-) 1 s ko 1
46.XX 0 ,XX,-C,t(2q—; Cq+),del(Dq)
—_— 46, XX 0
Total 8
Total 12
TABLE 4 ABNORMAL KARYOTYPES SEEN IN HEMOPOIETIC COLONIES
#4 EMa2o=--—-TH5 MR EE
Case GM-CFC BFU-E
1 46, XX, t(2q+;3g9-)
45 ] XK: _C: t(Cq_ 1Cq+}
45, XX, -C,-C, t(Cpt+;Cqg—),tmarker
3 46, XX, t(3p—;Cqt)
4 44 XX, -2,-C,?%inv(2Zp—qt) 46, XX, t(3q—;Eqt)
5 46,XY,t(3q—;Bg-) 45,.XY, -B, t(Cq—;Eqt)
46,XY,t(Cp—;Cpt)
7 46,XX, del (Cq)
46, XX, t(Cp+:;Cp-)
9 46,XX, t(16g—; Fg+)
46 ,XX, t(Bg—;Gag+)
11 46,XY, t(Cq+;Cqgt)
12 46,XY,t(?Bq—;17qgt)
15 46,XY,t(3p—;Cqt)
16 46, XX, del(Bp)
17 46, XX, t(1p+;2p—) 46,XX, t(2q—;Cqt),del(Dq)
[or 46,XX,t(Cq+;Dg-), del(2q)]
18 46,XX, t(Cq—;17q+) 46,XX,t(3p—;Cat)
46,XX,t(3q—;Cq+)
21 45,XY,-F, t(Bq—;Cq+), t(Bp+; Fp—)
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Figure 1. One complete karyotype (a) and three partial karyotypes (b) obtained from an ery-
throid burst of Case 17 (female). These show the identical chromosome aberration, t (2q—; Cq+),
del(Dq) [or t (Cq+; Dq—),del(2q)] .

1 EHIT()0FMEZBUTHSLE—2OEBER(Q) RU =208 588 (b). Zhid
t(2q—; Cq+), del(Dq) X(F t(Cq+; Dg—), del(2q) DRBEERELELLDTHETLERT .
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Figure 2. Two different metaphases seen in an erythroid burst of Case 2 (female). Both (a) and
(b) represent 45, XX, —C, —=C, t (Cp+; Cq—), +marker.

2 EFR2(Z)DKRMRIBBEAUTALNS o0 R L 2hHEHK. (a), (b)) WFhn 45, XX,
—C, —€, YH{Cpts Co— ) +RAEREDE, ¥ T.
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The abnormal chromosome karyotypes 1in
hemopoietic stem cells obtained in this study
were compared for each case with the results
of chromosome analysis of T Iymphocytes
obtained through the culture of PHA-stimulated
peripheral leukocytes that had been conducted
periodically. As a result, karyotypic abnor-
malities found in a pair of BFU-E and peripheral
T lymphocyte closely resembled each other in
two cases (Cases 2 and 5, Figures 3 and 4).

DISCUSSION

Since the commencement of this study, chromo-
some analyses were conducted on hemopoietic
colonies derived from circulating hemopoietic
stem cells for a total of 32 individuals of the
high dose group and their controls. The number
of colonies analyzable in each case was small
owing to the small quantity of blood drawn,
the small number of hemopoietic stem cells
in the peripheral blood, and moreover to the
difficulty in obtaining analyzable chromosome
specimens from single colonies.

While no chromosome aberrations were found
in the control group, they were observed in
GM-CFC and BFU-E at a high rate (11.5% and

12.0%, respectively) in the high dose group.

This is considered to demonstrate that radiation-
induced chromosome aberrations still exist in
circulating hemopoietic stem cells of some high
dose survivors even 40 years after A-bomb
exposure as evident in T I}FmphDCYtES,l B
lymphocytes,'® and bone marrow cells.?™
These hemopoietic stem cells with chromosome
aberrations are thought to have at least the
same ability of proliferation and differenti-
ation as normal hemopoietic stem cells judging
from the morphology, size, and color tone
(reddish brown as an index to the synthesis of

hemoglobin) of hemopoietic colonies in vitro.

The karyotypes of chromosome aberrations
analyzed in this study were translocation,
deletion, and marker as seen in lymphocytes
and bone marrow cells. Among these karyotypic
abnormalities, one abnormality resembling a
typical clonal chromosome aberration as seen

in leukemia and its related diseases!” was observed
(Case 7, 46,XX,del(Cq)). Case 7 had also revealed

chromosome aberration 46,XX,del(7q) twice
(1976 and 1981) by the direct bone marrow
method that had been conducted periadically-m
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Figure 3. Resembling abnormal karyotypes 46,XX,t(3q+; Cq—) seen in BFU-E (a) and T
lymphocyte (b) of Case 2 (female).

X3 HEMH 2()DBFU-E(a)& TY » "k (b)TH#LN-HEUEOREE R, 46, XX,
t{3gq+; Cq—).

N Eht AL {{ic WK
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¥

A8 00 &8 A% AR In § 86 MR AR )0 ba wn
0 E 0 E

X & AN AN 7| LI B P ‘l
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a b

Figure 4. Resembling abnormal karyotypes 46, XY, t(Cp—;Cp+) seen in BFU-E (a) and T
lymphocyte (b) of Case 5 (female).

M4 fEFRS5(&L)D BFU-E(a) & TY » 23k (b)TEHSN-HUOEE R, 46, XY,
t{Cp—i Ci+).
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In the present study, the karyotypic abnormality
of del(Cq) which closely resembles del(7q) was
found in the circulating GM-CFC of the same
case (Figure 5).1°

OF &8 v 846 Kz 23 88 00

\

Aal, del(7q) & fpdd THI{L § 5 del(Cq) D% El
W% % 7 0 75 B s GM-CFC T & #l%2 L 7

—_
5
o
5

() §Y 3!‘\51 3B I 8 W

(c) 38
.

A% B8 Ba BE XS w1}

10 1 2

Figure 5. Partial karyotypes of chromosome aberration seen in Case 7 (female) by longitudinal
chromosome analyses; (a) del(7q) observed in bone marrow by Q-banding in 1976, (b) del(7q)
observed in bone marrow by Giemsa staining and comfirmed by Q-banding in 1 981, (c) del({Cq)
observed in circulating GM-CFC by Giemsa staining in 1982.

M5 EHET7(K)OEEMNREESIH TCESNAREHRREOBIRE. (a) 19765 O Hil Q-
Ny FiETRoNAREHERR S, dd(7q). (b)INVLEDHH ¥ L HKETHS N, Q-7 FET
FER & ik, del(7q). () 19826 124 M M h GM-CFC @ ¥ 4 # T} 5 11 72 S8 (K5

¥, del(Cq).

It is known that the chromosome aberration

del(7q) is found in acute leukemia and
preleukemic conditions. In the present case,

no clinical findings nor hematologic picture that
would suggest any clonal hematologic disease
was found. The detection of such a typical
chromosome aberration in the hemopoietic
stem cells of a high dose survivor is considered
important in the search for the developmental
mechanism of radiation-related diseases.

20

The results of this study were reviewed 1n
comparison with the results of chromosome
analysis of T lymphocytes obtained through the
culture of PHA-stimulated peripheral leukocytes
which has been carried out periodically in the
Cytogenetics Laboratory. As a result, two cases
showed an abnormal karyotype in a BFU-E
which closely resembled that in T lymphocytes
previously detected in those cases. Although
it could not be clearly demonstrated because
banding technique was not employed, it shows

R Y del(7q) 132 1% B M5 =P AT 3 I 3% IKTE
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ZVWADICHEET ICEES 20D, GmEpMiac



that radiation effects directly affected hemo-
poietic stem cells, and also suggests the possibility
that relatively undifferentiated hemopoietic
stem cells common to myeloid cells and lym-
phoid cells may exist in human adults. This is
considered interesting together with the fact
that acute leukemia which in some cases is
considered to be a hemopoietic neoplasm of
pluripotential stem cells*"*?? and chronic myeloid
leukemia in which lymphoid cells also are
considered as abnormal clr:mE:s.,23’2"'1 frequently
occurred in A-bomb sun'ivursfs and that hemo-
poietic dysplasia (or myelodysplastic syndrome)
which is now considered as clonal hemopathy
also occurred in A-bomb survivors,**%’

It is felt that such hemopoietic stem cells with
radiation-induced chromosome aberrations are
involved in the recovery from hemopoietic
failure immediately following A-bomb exposure
and in the maintenance of hemopoiesis to
this day. Moreover, it is probable that clonal
cells with such abnormal chromosomes will
continue to remain in the body repeating self-
regeneration or in a state of pause.

The behavior of such clones with chromosome
aberrations in relation to the associated chromo-
somes and their loci may be an interesting
subject for future study.
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