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SYMPOSIUM

Transplacental and transgenerational late effects of

radiation and chemicals.

Taisei Nomura

Department of Radiation Biology and Medical Genetics, Graduate School of Medicine, Osaka University, Osaka, Japan

ABSTRACT  In utero exposure to radiation and
chemicals has been shown to induce cancer and malfor-
mation in the offspring in man and animals. Cancer devel-
oped in various organs of mice and other experimental
animals, when chemical carcinogens, urethane, dimethyl-
benz(a)anthracene, ethylnitrosourea diethylstilbestrol etc.
were given after the organogenesis of each organ, while
malformations were induced by the treatment of the or-
gan at organogenesis stage. These animal experiments were
supported by the fact that vaginal cancer was found in
young women who had been treated with diethylstilbestrol
for the threatened abortion. In ufero exposure gave seri-
ous damage to the development of gonads and also to the
organ function.

Parental exposure to radiation and chemicals increased
the incidence of cancer and malformation in the offspring.
Radiation and chemical induced germ-line alterations caus-
ing tumors were transmitted to further generations. These
findings have not been proven in the children of atomic
bomb survivors in Hiroshima and Nagasaki, while higher
risk of leukemia is reported in the children of fathers who
were exposed to radionuclides at the nuclear reprocessing
plants and to diagnostic doses of radiation. Contradiction
between mice and men and between human populations
are reconciled in part by the animal experiments. Off-
spring of mice exposed to radiation precon-ceptionally or
at embryonic stages showed persistent hypersensitivity to
cancer induction by the postnatal treatment with tumor
promoting agents, urethane, 12-0O-tetradecanoylphorbol-
13-acetate, phenobarbital etc. Radiation or chemicals may
imprint transmissible or genetic alterations in the embryo
and germ cells for the future development of cancer by the
postnatal environment.
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INTRODUCTION

Why does cancer develop in a baby? Among the long term
effects of exposures to various toxic agents during pregnancy,
cancer is one of the most important subject to study in human
diseases, because cancer is the 2nd highest cause of neonatal
deaths in the well-developed countries. Parental exposure to
various toxic agents may also cause cancer in the offspring
derived from exposed germ cells.

After the middle of the twenty century, various studies have
been accumulated on cancer induction by radiation and chemi-
cal exposures during pregnancy in man and experimental ani-
mals. Because placental transfer of chemical carcinogen to
the fetus resulted in cancer induction in the offspring, these
findings were referred to as transplacental carcinogenesis.
Later, it was reported that these defects can be induced in the
offspring by the parental i.e., preconceptional exposure to ra-
diation and chemicals. In this paper, the author reviews the
original findings of transplacental and transgenerational late
effects of radiation and chemicals in man and animals, and
discusses the recent studies in this area at the molecular level.

IN UTERO EXPOSURE TO RADIATION
AND CHEMICALS

When experimental animals are exposed to radiation and
chemicals during pregnancy, various defects are observed in
the embryo, fetus and live offspring, depending on the stage
at exposure. Fig. 1 summarizes such defects in scheme. Fer-
tilized eggs die or are lost, when preimplantation stages are
treated. Embryonic deaths and congenital malformations are
induced, when the major organogenesis stage or early orga-
nogenesis stage of each organ is treated. In general, there is
an apparent threshold for these defects except when the one
cell stage is treated. When the later fetal stages after organo-
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Fig.1 Differential sensitivity of the developing embryo to mortality, malformation and neoplasm after in utero exposure to radiation and
chemicals. (Nomura and Okamoto, 1972; Druckrey, 1973; Nomura, 1974a, b)

genesis are treated, healthy animals are delivered without any
morphological abnormality. However, cancer develops in a
year in the in utero exposed offspring. Differential sensitivity
of fetal organs to tumor induction is shown with urethane in
mice (Nomura and Okamoto, 1972; Nomura, 1974a; b) and
with ethylnitrosourea (ENU) in rats (Druckrey, 1973). Tumors
develop in the offspring, only when chemical carcinogens are
given after the organogenesis of each organ but not before its
organogenesis. Carcinogen treatment at the late gestational
stage caused cancer induction via placenta and mother's milk
(Nomura, 1973; Nomura et al., 1973). Transplacental carcino-
genesis was most extensively studied from late 1960's to

middle 1970's. In experimental animals, 41 chemicals are
proven transplacental carcinogens, and in human,
diethylstilbestnal (DES) disaster was reported by Herbst ez al.
in 1971 (Nomura and Kanzaki, 1977; Nomura and Masuda,
1980). Radiation and chemical exposures during pregnancy
may decrease enzymatic and metabolic activities in the off-
spring (Nomura, 1984a; 1987), resulting in the delayed and
decreased decomposition of postnatally given toxic agents (e.g.
carcinogens) followed by the increase of cancer incidence in
the offspring (Nomura, 1973; 1984a; Nomura et al., 1973).
Chemical exposure during pregnancy not only gives raise
in cancer incidence in the offspring, but also it gives serious
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damage to the gonads of the offspring, because most chemi-
cal carcinogens are estrogenic and act as endocrine disrupt-
ers. Rudimental ovary and testis were observed in the off-
spring after exposure to urethane, dimethylbenz(a)anthracene
(DMBA), DES and other chemical carcinogens during the
middle stage of pregnancy (Nomura, 1976; Nomura and
Kanzaki, 1977). Histologically, there were no germ cells in
the ovary and testis.

However, in utero exposure to radiation had not shown any
increase of leukemia and cancer in experimental animals
(Upton et al., 1960; Rugh et al., 1966) and also in atomic
bomb survivors exposed in utero (Kato, 1978), although an
increase of childhood cancer was suggested by some epide-
miological studies (MacMahon, 1962; Bithell and Stewart,
1975). In 1978, Sasaki et al. found a small increase of adult
type cancers but no leukemias by X-ray exposure during the
late stages of pregnancy. Although no increase in cancer and
leukemia had been reported in in utero exposed A-bomb sur-
vivors below the age of 40 (Kato, 1978), increased incidence
of adult types cancer was confirmed, when A-bomb survivors
became older than 40 years of age (Kato et al., 1989;
Yoshimoto et al., 1991).

Embryonic mutagenesis predisposing to cancer

Although radiation exposure during pregnancy rarely induced
tumors by itself in experimental animals, in utero exposure
induced persistent hypersensitivity in fetal organs for devel-
oping tumors by postnatal treatment with tumor promoting
agents.

In utero exposure to a low dose (0.36 Gy) of X-rays did not
increase tumors in the offspring. However, large numbers of
lung tumors were induced in the offspring which had been
exposed to X-rays at early embryonic stages, but not at late
fetal and neonatal stages, and postnatally treated with 0.5 mg/
. gbody weight of urethane 3 weeks after birth (Nomura, 1984a).
In utero exposure to radiation may imprint a transmissible
memory in the mouse embryo and induce persistent hyper-
sensitivity to postnatally given tumor promoting agents, re-
sulting in the increase of tumor incidence (Fig. 2).

This finding was confirmed more precisely with a specific
animal system to detect embryonic mutation and cancer. Re-
cessive coat color mutant mice PT and HT were used. PT fe-
male (a/a, b/b, p c¢?/p ¢, d/d) and HT male mice (a/a, In/In,
pa/pa, pe/pe) were mated, and pregnant mice were exposed to
radiation on the 10.5th day of gestation. PTHTF; embryos
were heterozygous at 7 recessive coat color genes (a/a, In/+,
pa/+, b/+, p ¢?'/+ +, d/+, and pe/+). If mutation occurs at one
of the several thousands of pigment cells in the embryo, a
small spot of mutant coat color appears on the black coat color
back ground (Fig. 3), From the color, size, shape, and distri-
bution of the pigment, mutated gene loci were determined.
By the death of a pigment cell, a white spot appears on the
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midventral abdominal portion. The frequency of mutant spots
increased linearly with doses of X-rays upto 1.2 Gy (Nomura,
1984b). Congenital malformations were also detected. Six
weeks after birth, i.e., after detecting somatic mutations and
congenital malformations, some of the offspring were treated
with tumor promoting agents such as sodium phenobarbital
and 12-O-tetradecanoylphorbol-13-acetate (TPA),

In Figs. 3 and 4, PTHTF, fetuses were exposed to 0.3 and
1.03 Gy of X-rays at a dose rate of 0.54 Gy/min on the 10.5
day of gestation, and 10 pg of TPA was applied twice a week
for 18 weeks on the back of the offspring where the hair was
removed. When mice were euthanized one year after birth, an
increase in the incidence of tumors was not observed after in
utero X-ray exposure alone. By the postnatal-treatment with
TPA, however, incidences of both hepatomas and skin tumors
increased in proportion with in utero doses of X-rays (Fig.
5). Initial events by in utero irradiation must be kept in memory
and cause tumors by the postnatal treatment with TPA. When
in utero “Co7-ray or ®*Cf neutron exposure was coupled with
postnatal-treatment with TPA and/or 0.05 % Na phenobar-
bital in drinking water, incidences of hepatomas and skin tu-
mors also increased in proportion with in utero doses of ra-
diation (Nomura et al., 1993; Nomura, 1998).

Contribution of p53 and ras genes was examined in hepato-
mas induced by in utero radiation exposure and postnatal TPA
or phenobarbital treatment. Only one K-ras mutation was de-
tected at codon 13 in the hepatoma induced by in utero Co
irradiation coupled with postnatal phenobarbital treatment, but
no mutations were detected in other 21 radiation induced
hepatomas.

Even though radiation and chemical exposure during preg-
nancy was not or was very weakly carcinogenic by itself, it
induced persistent transmissible hypersensitivity in fetal or-
gans to develop cancer at older ages by postnatal exposure to
cancer-promoting agents in the diet and/or environment
(Nomura, 1973; 1984a; 1989; Nomura et al., 1990) (Fig. 2).
These results anticipated later increase of adult types cancer
in in utero exposed atomic bomb survivors, because human
beings are continuously exposed through their lives to vari-
ous carcinogenic and/or promoting agents in the diet and en-
vironment, in contrast to experimental animals reared under
specified condition without exposure to such carcinogenic and
promoting agents (Nomura, 1984a). This is also a precaution
to the researchers who set up animal experiments for the esti-
mation of human risk.

TRANSGENERATIONAL EFFECTS OF RA-
DIATION AND CHEMICALS

Germ cell exposure to radiation and chemicals causes cancer
and congenital malformation in the offspring. We have done
the first and largest experiments to know whether or not pa-
rental exposure to radiation and chemicals induces tumor and
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Fig.2 Scheme of radiation induced persistent hypersensitivity in germ cells and embryos to tumor induction by postnatal tumor promoting
agents in the diet and environment. Closed squares indicate tumor cells and closed circles indicate dormant cells which show hypersensitivity

to postnatally given tumor promoting agents.
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Fig. 3  Specific mouse system for the detection of in vivo mutation. A: HT (upper) and PT (lower) mice, B: colored spot on the black coat
color background, C: hair (middle) showing mutation at p locus. Others are wild type hair.

Fig. 4 Hepatoma (A) and skin tumor (B) induced in PTHTF: mice after in utero exposure to X-rays and a cluster of lung tumors (C)
induced in ICR mouse after preconceptional exposure to X-rays. Mice were postnatally treated with TPA or urethane. No. of lung tumors in
the offspring is one if at all by preconceptional and in utero exposure alone, and about 4 by postnatal urethane injection (0.5 mg/g body weight)
alone (Nomura, 1983, 1984; Nomura et al., 1990).
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Fig.5 In vivo mutation and tumors induced in the PTHTF: offspring by in utero exposure to X-rays on the 10.5th day of gestation coupled
with postnatal treatment with 10 pg of TPA on the skin. TPA was given twice a week for 18 weeks starting at 6 weeks of age. Closed
histograms indicate in utero exposure and postnatal TPA treatment. Open histograms indicate in utero exposure alone. Hepatomas were
induced in male offspring. Details are given in Nomura et al., 1990.

malformation in the offspring derived from exposed germ cells,
and found that radiation and chemicals induced germ cell al-
terations causing tumors and malformations in the offspring
(Nomura, 1975; 1978; 1982; UNSCEAR-Report, 1986).

Dominant lethals (abortion) and congenital malformations
were induced in the offspring predominantly by the treatment
of germ cells at the postmeiotic stages except for agents like
ethyl-nitrosourea which induces more mutations and malfor-
mations by the treatment at spermatogonial stage (Nomura,
1975; 1982; 1984b; 1988; 1994b; Nomura et al., 1990; Nagao
and Fujikawa, 1990). Induced rate of congenital malforma-
tion by acute radiation was 12, 6.6 and 9.1 x 10-*/gamete/Gy
for spermatozoa, spermatogonia and mature oocyte, respec-
tively (Nomura, 1984b; 1988). The increase in the incidence
of malformations has been confirmed with radiation (Kirk and
Lyon, 1984) and also with various chemicals (Nomura, 1975;
1982; 1988; 1994b; Nagao and Fujikawa, 1990). These stud-
ies were referred to as "Paternal Toxicology or Male-medi-
ated Developmental Toxicology", although preconceptional
exposure of females also induced such defects in the offspring
(Nomura, 1982; 1988).

Several animal experiments have also suggested the increase
of various types of tumors in the offspring after parental ex-
posure to radiation and chemicals (Nomura, 1975; 1978; 1982).
Dose dependent increases of tumors were observed in the Fy
offspring of male and female ICR mice exposed to acute doses

of X-rays (0.36 - 5.04 Gy). Postmeiotic stages were twice as
sensitive for tumor induction than spermatogonial stage, and
oocytes were resistant to low doses (~ 1 Gy) of X-rays but
very sensitive to higher doses. Even then, the incidence of
both induced and spontaneous tumors in the offspring are 100
fold higher than those of ordinary mouse mutations (Russell
etal., 1958; Lyon et al., 1972; Bartsch-Sandhoff, 1974; Russell
and Kelly, 1982a, b; Ehling, 1984). The doubling dose of tu-
mor-causing alterations in spermatogonia was about 1.5 Gy
for adult type tumors in the lung and ovary (Nomura, 1986).
Protracted irradiation (0.36 Gy at 2 hr intervals) reduced sig-
nificantly the tumorigenic effects of irradiation in the offspring
after exposure at the spermatogonia and mature oocyte stages
(Nomura, 1978; 1982). However, such reduction was not ob-
served, when spermatozoa and spermatrid stages were treated.
The pattern of the radiation sensitivity of germ cell stages for
tumor induction was similar to that for ordinary mouse muta-
tions (Russell et al., 1958; Lyon et al., 1972; Russell and Kelly,
1982a, b; Ehling, 1984). Some of the above studies were con-
firmed with different strains of mice N5 and LT with X-rays
(Nomura, 1986) and with urethane and 4-nitroguinoline 1-ox-
ide (4NQO) (Nomura, 1975; 1978; 1982). There were appar-
ent strain differences in types of induced tumors in the off-
spring.

To examine the heritability of induced lung tumors, F i prog-
eny of the treated parents were mated randomly and their F,
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Fig. 6 Pedigree of tumor susceptible line originated from preconceptionally X-irradiated male N5 mouse. Tumors and malformations found
in these descendants of male N5 mouse exposed to 5.04 Gy (0.54 Gy/min) of X-rays at spermatozoa stage were indicated by closed and dotted
symbols, respectively. Offspring were randomly mated to obtain further generations, and their parental mice were euthanized at 12 months of
age to detect tumors and malformations. Abbreviations used were; LT, lung tumor; OC, ovarian cystadenoma; Myx, pericardial myxoma;
Mult, multiple embryonic tumors, LL, lymphocytic leukemia; Hep, hepatoma; K, kinky tail; Cat, cataract; DW, dwarf; LC, liver cyst; CK,

cystic kidney; N, normal.

progeny were examined. The F» progeny were then classified
to the retrospectively determined type of their parent, i.e., Fi
parents with tumors and without tumors. The incidence of
tumors in F» was significantly higher than controls only when
either of parents had tumors. There were no differences in the
tumor incidence when both parents had no tumors. The re-
sults were confirmed by continuing the experiment into the Fs
generation (Nomura, 1978; 1982).

During the course of the above experiments, several mutant
lines which developed high incidence of tumors were estab-
lished as showri in Fig. 6. Preconceptionally irradiated F off-
spring with lung tumor was mated with her litter mate. In the
F, there were variety of tumors, such as lung tumors, ovarian

tumors, multiple embryonic tumors, myxoma and thymic lym-
phomas (lymphocytic leukemias). When the F: offspring with
multiple embryonic tumor was mated with her litter mate with
lung tumor, similar tumors and cataract were induced in Fs.
From the F; offspring with cataract, a variety of tumors and
malformations developed in Fi. The results suggest the inher-
itance of tumor susceptibility. Such germ-line changes must
be concerned with mutations of tumor suppresser genes or
changes in an array of genes modifying immunological, bio-
chemical and physiological conditions which can lead to the
elevation of tumor incidence.
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Fig.7 Skin tumor susceptible line originated from male N5 mouse exposed to ®Coy-rays. Male N5 mouse was irradiated with 2.16 Gy of
80Covy-rays (0.57 Gy/min) at spermatogonia stage, and 20 pg of TPA was applied twice a week to the back of the offspring where the hair was
removed. TPA was applied to all live offspring for 18 weeks starting at 6 weeks of age. Closed symbols indicate skin tumor-bearing offspring.

Germ-line alteration predisposing to cancer

If germ-line mutation can lead to cancer, all cells composing
that organ must be mutated and have an equal likelihood to
form tumors. However, only one tumor nodule was induced
in the lung. Presumably, mutational change induced in the
offspring by parental exposure to X-rays must be weakly car-
cinogenic by itself, and their expression will be influenced by
aging, naturally existing carcinogenic and promoting agents
in the diet and environment (Fig. 2). This hypothesis was
proven by the fact that unusually large clusters of tumor nod-
ules (Fig. 3C) developed in the lung after postnatal treatment
with small amounts of urethane (Nomura, 1983). This study
has been confirmed by Russian scientists with urethane
(Vorobstova and Kitaev, 1988). Skin tumors were also induced
in the offspring of parentally X-irradiated outbred SHR mice
by postnatal treatment with TPA (Vorobstova et al., 1993).
This model was confirmed by preconceptional »°Pu irradia-
tion and postnatal methylnitrosourea treatment (Lord et al.,
1998). However, such enhancing effects were not observed
when CBA/J male mice were irradiated and their offspring
were postnatally treated with urethane (Mohr et al., 1999).
To confirm these findings, N5 male mice were treated with
2.16 Gy of “Coy-rays, and mated with untreated N5 females.
Offspring (6 weeks old) were treated twice a week with TPA
for 18 weeks. When skin tumor developed in the Fi offspring,
tumor-bearing offspring were mated with their litter-mates to
examine the exact heritability of tumor-causing alterations in

male germ cells. Significant increase of skin cancer was ob-
served in the Fi offspring. Higher incidence of skin tumors
developed in F; generation, when skin tumor-bearing F off-
spring were mated with their litter mates (Fig. 7). Thus, ra-
diation appears to induce transmissible germ cell hypersen-
sitivity to tumor induction by postnatal tumor promoting en-
vironment.

Relevant human data at nuclear plant

In 1990, Gardner et al. reported that there was about 6-8 fold
higher risk of leukemia in the children of fathers who were
employed at Sellafield nuclear reprocessing plant and had been
exposed to 10-100 mSv of radiation before conception (Table
1). As a possible cause of leukemia induction, the sperm dam-
age by fathers' exposure to radiation was considered from
Nomura's mouse experiments (Nomura, 1982; 1983; 1986).
However, it has not been supported in the children of atomic
bomb survivors at Hiroshima and Nagasaki who were exposed
to an average dose of 435 mSv (Yoshimoto and Mabuchi,
1991; Yoshimoto et al., 1991), although some epidemiologi-
cal studies reported (but have not proven) the increase of leu-
kemia in the children of fathers who had been exposed to very
low doses of diagnostic radiation (Graham et al., 1966; Shiono
et al., 1980; Shu et al., 1988).

The discrepancies between human populations in Hiroshima/
Nagasaki and Sellafield and also between human and animals
are reconciled partly by the following evidence: 1) Much
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Table 1 Risk of leukemia and cancer in the Fi offspring after paternal exposure to radiation in man and mice.
Dose Relative Doubling Induced rate/mSv
(mSv) risk dose (mSv) (x 109
Human
Sellafield (Gardner et al., 1990)
All stages = 100 6.24 (1.5-25.8) 11.9 (2.5- 126) 22.2 (2.1 -105)
Post-gonia* 5-9 3.54(0.3-38.9) 1.50.1-) 179 (0 —2680)
=10 7.17 (1.7 -30.5) 1.0(0.2-8.8) 260 (30— 1250)
Hiroshima & Nagasaki (Yoshimoto and Mabuchi, 1991)
Spermatogonia 435 1.24 900 0.23
Mouse
ICR (Nomura, 1978, 1982)
Spermatogonia 360 — 5040 1(1.5-3.5) —(1590) 0(@31.1)
Post-gonia 360 — 5040 1.9-32(-3.5) 950 (1920) ** 1.9 (25.7) **
LT (Nomura, 1986, 1991, 1994)
Spermatogonia 3600 1(2.7) —(2090) 0(38.2)
Spermatozoa 3600 — 5040 45-74(-23) 450 (4040) 9.0 (19.8)
N5 (Nomura, 1986, 1991, 1994a)%*:#:*
Spermatogonia 2160 — 5040 23— 45(1.7-27) 1520 (3250) ** 4.6 (53.3) **
Spermatozoa 2160 — 5040 39-141(1.5-2.1) 500 (2650) ** 14.0 (65.2) **

Doubling doses in mice and men were calculated as uniparental exposure in contrast to the previous paper (Nomura, 1990), because fathers
and mouse males were exposed to radiation in the Sellafield and mouse studies and conjoint parental gonad doses were used for the Fi study
of the atomic bomb survivors. Induced rate of leukemia per mSv in Sellafield study was calculated by the formula; (background incidence of
leukemia relevant to Sellafield study, 53 x 10%) (Gardner, M. J., personal communication) x (excess risk value)/(paternal dose, mSv). External
doses to employees were in the range of 100-150 mSv for all stages, 5-9 and 10-15 mSv for post-gonia (Gardner, M. J., personal communi-
cation). Average doses used for the calculation in this Table were 125, 7.5 and 12.5 mSv, respectively (modified from Nomura, 1990; 1991;
1994a). Figures in parentheses in mouse studies are for solid tumors, i.e., tumors other than leukemia.

*Fathers' exposure during 6 months before conception indicates post-spermatogonial exposure, but includes spermatogonial exposure in part.

**Average value at 2160 and 5040 mSv.
***Unpublished data are included

higher doses in animal experiments (0.36~5 Gy) than those in
epidemiological studies, 2) Human populations were exposed
to radiation at the spermatogonial stage (in most parts) which
is known to be less sensitive to radiation and chemicals than
spermatozoa and spermatid stages, 3) Differences in the ge-
netic predisposition in both human populations and mouse
strains, 4) Postnatal exposure to radiation and/or chemically
contaminated environment may enhance tumor incidence in
the irradiated offspring as seen in mice, 5) Epidemiology fo-
cuses on childhood cancer and leukemia which develop at
younger ages (below 20 years). Though the direct link to the
sperm exposure has not been confirmed (COMARE, 1996),
adult types cancer and adult diseases may increase at older
ages in the human population, as it was seen in in utero ex-
posed atomic bomb survivors (Kato, 1989; Yoshimoto et al.,
1991) and as anticipated by the animal experiments (Nomura,
1982; 1983; 1990; 1991; 1993; 1994a). In fact, induced rate
of solid tumors in the offspring of mice exposed to radiation
was much higher than that of leukemia (Table 1).

Very recently, a significant increase of stillbirths and spe-

cific congenital malformations was reported in the offspring
of fathers who were exposed to radiation at Sellafield nuclear
reprocessing plant (Parker et al., 1999). Odds ratio were 1.21
to 1.69 at 100 mSv (Table 2). There are large differences in
the exposed doses between Sellafield and mouse studies, as it
was in leukemia study. Relative risk values for stillbirths and
congenital malformations in mouse experiments were signifi-
cantly high by post-spermatogonial exposure, but very low
after spermatogonial exposure (Table 2). It was the case in
the induced rate of congenital malformations in mouse ex-
periments (Nomura, 1982; 1988; 2000).

Further animal experiments

After the Gardener's report in 1990, several studies have been
carried out (see IARC Monograph 1999). High incidence of
liver tumors was observed in the Fi offspring of C3H male
mice exposed to 0.5 Gy of Z*Cf (66 % neutron) and mated
with C57BL/6 females (Takahashi er al., 1992, Watanabe et
al., 1993). Slight increase of tumors was also observed in
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Table 2 Estimated relative risk of congenital malformations and stillbirths in the offspring of male radiation workers at Sellafield nuclear

reprocessing plant and of preconceptionally irradiated male mice

Post-spermatogonia Spermatogonia

1. Human (100 mSv)* (Parker et al., 1999)

All Stillbirths — 1.26

Congenital Anomaly — 1.43

Neural tube defects - 1.69

Other specified cause — 1.21
2. Human (10 mSv)** (Parker et al., 1999)

All Stillbirths 1.86 -
3. ICR mice (100 mSv/2.16 Gy) (Nomura, 1982)

All Congenital Anomaly*** 1.29 1.19

Lethal anomaly A 1.36 1.09

Lethal anomaly B 1.26 1.14
4. N5 mice (100 mSv/5.04 Gy) (Nomura, unpublished)

All Stillbirths ###* 1.31 1.09

Congenital anomaly 1.15 1.03

Values in ICR and N5 mice indicate the relative risk at 100 mSv, which is estimated from the induced rate of stillbirths and
congenital malformations in the F1 fetuses of ICR and N5 male mice exposed to 2.16 Gy (0.72 Gy/min) and 5.04 Gy (0.54 Gy/
min) of X-rays, respectively. Morphological and functional defects were examined on the 18th day of gestation after caesarian

operation.

* Total dose up to the time of conception (1961-1989; 7080 live and 73 stillbirths).
** Dose in the 90 days before conception (1950-1989; 9078 live and 130 stillbirths).
##% Total of lethal and viable anomalies. For the comparison with human stillbirth data, ICRmouse data were reanalysed and lethal anoma-
lies were classified to 2 categories. A indicates all lethal anomaly in mice and B indicates types of anomalies which are lethal in mice
but can be cured by the surgical operation in the case of human (e.g., cleft palate, gastroschisis and some dwarfs).

w4k Unresuscitated fetuses by caesarian operation on the 18th day of gestation. Late fetal deaths (> 16th days) were excluded.

B6C3F, offspring by “Co y-rays (Kamiya, K., personal com-
munication). A doubt was raised by Cattanach et al. (1995,
1998) for the lack of concurrent controls in my previous stud-
ies, because the results were published separately in a differ-
ent calendar year, although the series of my large scale ex-
periments were blind experiments and carried out in parallel
with concurrent controls (Nomura, 1975; 1978; 1982; 1983).
Cattanach er al. (1995, 1998) ascribed no significant increase
but a seasonal change in the incidence of tumors in the off-
spring of BALB/cJ or C3H/HeH mice exposed to X-rays fol-
lowing the experimental pfotocol of Nomura (Nomura, 1982).
Such a seasonal change is observed, when experiments are
carried out in insufficient animal facilities, e.g., animals are
exposed to outdoor light. In fact, change of light-dark inter-
vals significantly influenced tumor frequencies in mice
(Nakajima et al., 1994). The quality of animal facility is very
important for carcinogenesis study, because, in addition to
genetic predisposition, tumor incidence is influenced predomi-
nantly by the postnatal environment as in human cases.
Recently, another experiment was carried out in Canada with

N5 mice provided by Nomura. Male N5 mice were irradiated
in conditions close to those used by Nomura (1982, 1986)
with 5 Gy of X-rays. The probability of dying from leukemia
and overall survival were statistically different (p<0.05) be-
tween the offspring of X-ray-treated males and unirradiated
controls. Earlier occurrence of leukemia was also observed
in the Fi offspring after the treatment of male N5 mice with
tritiated water (Daher et al., 1998).

A lifetime experiment showed a trend towards a higher in-
cidence of tumors of the hematopoietic system and broncho-
alveolar adenocarcinomas in the offspring of male CBA/JNCrj
mice exposed to X-rays 1 week before mating (spermatozoa
stage). However, no increase in tumor incidence was observed
in the offspring of males irradiated 3 and 9 weeks before con-
ception (Mohr et al., 1999).

In general, there are apparent strain differences in the in-
duced tumor types and tumor incidences in the
preconceptionally irradiated offspring, indicating that pre-ex-
isting genetic predisposition i.e., strain difference is essen-
tially important even in transgenerational carcinogenesis.
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Possible mechanism

What is the germ cell alteration causing tumors in the next
generation? As described above, tumor incidence in the off-
spring was 100 fold higher than those of ordinary mouse mu-
tations. For the possible mechanism, many gene loci concern-
ing normal immunological, biochemical and physiological
function might be involved, and the change in such genes may
slightly elevate tumor incidence. Mutations of tumor
suppresser genes like p53 have also been detected in cancer
prone descendants of mice exposed to radiation (Fig. 6). Al-
ternatively, radiation induced genetic instability in germ cells
and also in embryonic cells may elevate or enhance tumor
occurrence in the offspring, as preconceptionally and in utero
irradiated offspring showed persistent hypersensitivity to post-
natal treatment with tumor promoting agents (Fig. 2). Pater-
nal exposure to ¥Coy-rays and 2*Cf fission neutron increased
instability of repeat DNA sequences in their descendants. Sig-
nificantly high frequency of simple-tandem repeat mutation
was observed in F; offspring of y(X)-ray or neutron irradiated
male mice at both spermatozoa and spermatogonia stages and
also in F; offspring of these unexposed Fi offspring, suggest-
ing indirect effects on genome instability in the next genera-
tion (Dubrova et al., 1993; 1998a, b; 2000a, b), although
Sadamoto et al (1994) and Niwa et al (1996) reported a slight
increase of mutation at the same locus by postomeiotic but
not spermatogonial J~ray and neutron exposures. Frequency
of germ line tandem repeat mutation was as high as that of
offspring tumors. In human, it was also high in the offspring
of inhabitants exposed to radionuclides after Chernobyl ca-
tastrophe (Dubrova et al., 1996). However, it was higher by
spermatogonial exposure than spermatozoa exposure and there
were no dose rate effects (Dubrova, 1998a; 2000a), in con-
trast to the ordinary mouse mutations (Russell et al., 1958,
Lyon et al., 1972; Bartsch-Sandhoff, 1974; Russell and Kelly,
1982a, b; Ehling, 1984) and transgenerational teratogenesis
and carcinogenesis in mice (Nomura, 1978; 1982; 1983; 1988)
Consequently, the direct link of genome instability to tumor
incidence in the offspring has not been proven.

Germ-line alteration causing tumors may be ocurring in an
array of normal genes concerning biochemical, immunologi-
cal and physiological functions, and changes in such genes
may slightly elevate tumor incidence. Consequently, changes
of gene expression are now being examined by the GeneChip
technology. Although data are not shown, 5500 functional
genes were examined in the Fs descendants (Fig. 7) of “Coy-
ray irradiated male N5 mice. About 0.5 % of genes showed
20 fold difference in the expression level (both suppression
and over-expression) between the normal skin of
preconceptionally irradiated and unirradiated F; descendants.
Furthermore, there was a 20 fold difference in 2 % of genes
between the normal skin and skin cancer lesion of the same F3
mouse. Similar results were observed in the liver.

T. Nomura

Dioxins

Dioxins, especially 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) is a typical man-made environmental toxic agent. It
is classified into the group 1 carcinogen to human (IARC,
1997), and acts as an endocrine disrupter as is the case with
most chemical carcinogens. However, genotoxicity of TCDD
has not been confirmed in bacteria, culture cells, efc. JARC,
1997) and in human sperm (Kamiguchi and Ishii, 1999), al-
though it decreases the numbers of male germ cells in mice
by its damage to Sertoli cells (Inoue ef al., 1999). Nonethe-
less, possible transgenerational disorders are suspected in man
and mice.

Significantly high incidence of congenital malformations
was reported in the children of fathers who had been exposed
to herbicides containing TCDD at the Vietnam War (Cén,
1984; Nomura, 1994b; Nomura et al., 1999). To examine the
transgenerational effects of TCDD, 50 or 100 ng/g bw of
TCDD was given intraperitoneally to C3H/HeJ male mice and
then mated with untreated C57BL/6J females. The sper-
matogonial stage was treated. With a high dose of TCDD, a
significant reduction of implants and live births was observed.
Although incidence of malformation increased in F fetuses,
the difference was marginally significant (p = 0.057). How-
ever, induced malformations were of the severe types (2
omophaloceles, testis defect, agnathy and eye defect) which
were extremely rare in unexposed control mice. Similar re-
sults have been also observed with another strain of mice. Germ
line mutation of the repetitive DNA sequence locus, pc-3 was
examined in B6C3 F, fetuses of TCDD treated and untreated
male parents. About 25 % of individual F; fetus showed length
differences. Although there were no significant differences
between F, fetuses of TCDD treated and untreated parents, all
malformed fetuses showed length alterations. Genomic insta-
bility might be involved in parent-mediated or
transgenerational defects induced by TCDD (Nomura et al,
1999).
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