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ABSTRACT

Although in ulero irradiation at early stages induced a high incidence
of somatic mutations at coat color genes in the embryos of a specified
tester strain (PT X HT FI) of mice, it was not carcinogenic by itself.
However, in urero-irradiated animals did develop skin tumors and hepa-
tomas (but not Icukemias) by the postnatal administration of 12-0-
tetradecanoylphorbol-13-acetate. The incidence of both tumors and em
bryonic mutations increased with in utero doses of X-rays. Furthermore,
a large reduction of tumor incidence, about 80%, was observed by low-
dose-rate irradiation, similar to the 75% reduction in spot size found for
embryonic mutations. The tumor nodule size was also dramatically re
duced by low-dose-rate irradiation. Consequently, the induced incidence
and size of tumors produced by 12-O-tetradecanoylphorbol-l3-acetate
treatment parallel those which are observed for coat color mutations as
expected, because somatic mutations observed in the pigment cells must
similarly occur in embryonic cells of other organs. The larger the clone
of mutant cells, the greater their chance of becoming tumorigenic by 12-
O-tetradecanoylphorbol-13-acetate posttreatment. These results strongly
support the recent epidemiological survey showing that adult types of
cancers, but not leukemias, are increasing in the atomic bomb survivors
exposed Â¡nutero, since humans are continuously exposed to a variety of
cancer-promoting agents in contrast to experimental animals reared
without such exposures.

INTRODUCTION

Whether in utero irradiation can cause cancer has long been
discussed epidemiologically and experimentally. Epidemiolog
ical studies on groups exposed in utero to diagnostic X-rays
argue for an increased risk of childhood cancer (1-6). However,
no remarkable increase in childhood cancer mortality has been
observed in children exposed in utero to atomic radiation nor
has the incidence of leukemia increased (7), while postnatal
irradiation of young children at the time of the bomb resulted
in a higher cancer risk than that of older individuals (8, 9). In
experimental animals similar results had been obtained; in utero
irradiation at late embryonic stages induced tumors at a very
low rate (no increase of leukemia), if at all (1, 10-12), while
postnatal irradiation resulted in a high incidence of leukemia
and other kinds of tumors (3, 10). Moreover, there was no
increase of tumors by the treatment at early embryonic stages
with radiation (10-12). However, radiation at early embryonic
stages was highly mutagenic and teratogenic (13), and though
not carcinogenic by itself, radiation did increase lung tumor
susceptibility to a postnatally given carcinogen urethane in mice
(12), suggesting that radiation induced persistent alterations
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causing tumors in the mouse embryo. In the present study, a
specific tester strain of mice (PT x HT F,, hereafter called
PTHTF, mice) for detecting somatic mutations (13-15) was
irradiated as embryos with different doses and dose rates, and
then it was treated postnatally with 12-O-tetradecanoylphorbol-
13-acetate to ascertain the correlation between embryonic mu
tation and carcinogenesis.

MATERIALS AND METHODS

Mice. PT and HT mice were used for this study. Both strains of mice
were provided by Dr. M. F. Lyon and Dr. A. G. Searle (Medical
Research Council, Radiobiology Unit, Harwell. U.K.) in 1978 and were
maintained by brother x sister inbreeding Â¡nthe Department of Radia
tion Biology, Osaka University. Coat color genes of these mice were
a/a. h/b, pc'^/pc'1", and tl/d for PT and a/a, In/In, pa/pa, and pe/pe for

HT mice. Mice were maintained with CRF-1 mouse diet (Charles River
Japan. Kanagawa. Japan) and chlorinated water in the complete barrier
condition at 23 Â±1Â°C.

X-Ray Exposure. A Toshiba Model KC-18-2A X-ray apparatus was
used for a high-dose-rate exposure at a distance of 51.5 cm, operating
at 20 ma and 180 kVp with a filter of 0.5 mm of copper and 0.5 mm
of aluminum. The average dose rate was 0.543 Gy/min. For low-dose-
rate exposure, a Shimazu Model SHT250M-3 X-ray apparatus was
used at a distance of 190 cm, operating at 10 ma and 100 kVp with a
filter of 0.4 mm of stannum, 0.3 mm of copper, and 1.0 mm of
aluminum. The average dose rate was 0.0043 Gy/min. The dose was
measured by a Victoreen Model 570 r-meter (Victoreen Instrument
Division, Cleveland, OH) adjusted by Fricke dosimetry.

In Utero Irradiation and TPA Treatment. Experimental procedures
are given schematically in Fig. I. An estrous female PT mouse was
mated with male HT mice, and the next morning, a vaginal plug was
examined to determine the first day (zero day) of pregnancy (16, 17).
Pregnant female PT mice were exposed to 0.30 or 1.03 Gy of X-rays
on the tenth day of gestation at 2 p.m. for a high-dose-rate irradiation
and from 12:00 to 4:00 p.m. for low-dose-rate irradiation. Since the
mouse room was illuminated from 4:00 a.m. to 6:00 p.m., ovulation
occurs at about 2:00 a.m. (17). resulting in the fertilization at about
2:00 a.m. of Day 0. Consequently. PTHTF, embryos were exposed to
X-rays at about 10.5 days after fertilization. Six wk after birth, they
were anesthetized with 0.77% tribromoethanol (Aldrich Chemical Co.,
Ltd., Milwaukee, WI) and examined for mutant spots. Hair was re
moved from a 2- x 3-cm area of dorsal skin, and 0.1 ml of TPA4

solution (100 Mg/ml, dissolved in acetone) (Consolidated Midland
Corp., New York, NY) was applied to this area 36 times (twice a wk),
starting at 6 wk after birth. Concurrent control animals were not
irradiated in utero but were similarly treated with TPA. The numbers
of TPA-treated mice were 54, 38, and 47 at doses of 0, 0.30, and 1.03
Gy, respectively, and 59 for low-dose-rate irradiation. The number of
mice in each experimental group not treated with TPA was 50, 51, and
49 mice, respectively.

Examination of Somatic Mutation. F, embryos from a PT x HT cross
were heterozygous at 7 coat color genes (a/a, ln/+, pa/+, b/+, p<fH/

++, <//+, and pe/+). When a mutation occurred in a melanoblast of
the F, embryo, a spot with a different coat color, which derived from
the affected pigment cell, appeared on the nonagouti black background
after birth. The size of mutant spots and total coat was measured by a
planimcter. Induced changes are transmissible, because when the af
fected hair is plucked, the hair showing the same phenotype regenerates

4The abbreviation used is: TPA. ^-O-tetradccanoylphorbol-LVacetate.
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Vaginal Plug

(Oth day)

X-ray Exposure

(10.5th day)

Examination of Mutant Spot

and Application of TPA

(6 weeks after birth)

TPA: 0.1 ml (10 ug)

(twice a week
for 18 weeks)

Examination of Tumors

(12 months after birth)

Fig. 1. Scheme for experimental procedures. A female PT mouse was mated
with male HT mice, and then PTHTF, embryos were treated with X-rays on Day
10.5 of gestation by irradiating pregnant PT mice. Six wk after birth, mutant
spots were examined, and then TPA was applied on the backs of FI mice. Mice
were sacrificed 12 mo after birth for the examination of tumors. Details of
experimental procedures are given in "Materials and Methods."

at the hair-plucked area. Mutant spots increased with the X-ray dose,
showing no significant deviation from a linear dose-response relation
ship in the dose range from 0 to 1.21 Gy (13-15). The mutation rate
per locus per Gy for somatic mutation (14) is of a similar value to the
germ-line mutation rate (18), and the size of mutant spots is reduced
by low-dose-rate irradiation (14). White spots on the ventral midline
(white midventral spots) are not caused by mutation but thought to be
caused by killing or specific division delay of melanoblasts (19). De
tailed data of somatic mutation will be published elsewhere.

Examination of Tumors. Mice were sacrificed 12 mo after birth.
Gross pathological lesions, especially for tumors, were examined mac-
roscopically, and specimens were submitted to microscopic examina
tions. For hepatomas and skin tumors, maximum and minimum di
ameters of tumor nodules were measured by a slide caliper, and the
tumor volume was calculated by the formula of Houchens et al. (20).
The skin was cut at the midventral line, stripped off, and stuck on hard
paper to make a permanent coat preparation (IS).

RESULTS

Somatic Mutation in the Embryo. As shown in Table 1, a
significant increase of somatic mutation was observed in the
PTHTFi offspring, when embryos were irradiated on Day 10.5
of gestation. The incidence increased with in utero doses of X-
rays. There were no substantial differences in the incidence of
mutant spots in PTHTF, offspring between high-dose-rate ir
radiation and low-dose-rate irradiation (Table 2). However, the
size of mutant spots induced by low-dose-rate irradiation was
significantly smaller (about '/Â»)than that of those spots induced
by high-dose-rate exposure, indicating that there are smaller
numbers of mutant cells in the individual PTHTFi mouse
irradiated at a low dose rate.

Tumors in the Offspring. In utero irradiation by itself at an
early stage did not increase the incidence of tumors in the
offspring (Table 1). However, skin tumors and hepatomas were
induced at a significantly high incidence, when TPA was applied
postnatally to PTHTF, offspring after in utero irradiation on
Day 10.5 (Table 1). Skin tumors (4 squamous cell carcinomas
and 2 pigmented basal cell carcinomas) grew rapidly after the
end of the TPA treatment. Although small skin papillomas
developed during the TPA treatment, most of them disappeared
after the completion of TPA treatment. Hepatomas were in
duced only in males. Only one tumor found in the liver of
females was a hemangioma. The incidence of both skin tumors
and hepatomas increased in parallel with in utero doses of X-
rays, although the increase was not significant at a lower, 0.3
Gy, dose. Other than hepatomas and skin tumors, tumors were
found in the lung, uterus, tail, etc. However, the incidences of
these tumors were not elevated by in utero irradiation and/or
TPA posttreatment (Table 1).

As shown in Table 2, there were significant differences in the
incidence of hepatomas between the low- and high-dose-rate
irradiation. The induced incidence of hepatomas in PTHTF,
mice by low-dose-rate irradiation was about one-fifth that by
high-dose-rate irradiation (Table 2). Furthermore, the average
volume of tumor nodules induced by in utero irradiation at a
low dose rate was much smaller than those induced by the high-
dose-rate irradiation. These results were compatible with the
decrease of mutant spot size (Table 2). Similar results were
obtained for skin tumors; i.e., the tumor incidence by the low-
dose-rate irradiation was one-sixth that of the high-dose-rate
irradiation, although the difference was not statistically signif
icant (P = 0.12), probably because of the small sample size.

DISCUSSION

Growing fetuses after organogÃ©nesisare known to be very
sensitive to transplacental carcinogens in humans and animals,
developing tumors in various organs (16, 21-24), while in utero
irradiation at these stages induced tumors at a very low rate, if
at all (3, 10-12). Moreover, transplacental carcinogenesis ini
tiated by chemicals at late fetal stages was enhanced by post
natally given tumorigenic and tumor-promoting agents (24-
26). However, mice and rats at early embryonic stages showed
high resistance to both radiation (12, this paper) and chemicals
(16, 22-24). In utero-irradiated or chemically treated mouse
embryos were sensitive to postnatally given carcinogenic or
tumor-promoting agents (12, 24, this paper), suggesting that
promotable neoplastic alterations were induced in the embryo
and transmitted through large numbers of cell generations. The
mechanism seems similar to that of germ-line mutation causing
tumors (27). In fact, radiation and chemicals produced a high
incidence of mutations in the coat color genes of the mouse
embryo (13-15, this paper) and also in the ras gene in the
mouse fetus.5 Although embryonic mutation was not carcino

genic by itself in the present study, postnatal administration of
TPA induced a significant increase of skin tumors and hepato
mas (Table 1). Furthermore, dose and dose rate experiments
revealed that the incidence and size of induced tumors were
compatible with those of somatic cell gene mutations induced
by in utero radiation; obviously mutations induced in the pig
ment cells of the embryo must similarly be induced in the
embryonic cells of other organs. A smaller number of mutant
cells may have a lower chance of becoming tumorigenic by TPA

5 H. V'amasaki. personal communication.
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Table I Somatic mutations in PTHTF, mice induced by high-dose-rate in utero irradiation and induction of tumors following postnatal treatment with TPA
The numbers of white midventral spots were 2 (1.6%), I (0.8%). and I (0.4%) at X-ray doses of 1.03. 0.30. and 0 Gy. respectively.

Dose(Gy)
TPA1.03

+0.30

+0

+Mutant

spotIncidence

%18/128

14.1*8/123

6.5r7/250

2.8Tumor-bearing

miceIncidence14/47

3/496/38

2/514/54

3/50%29.8*

6.115.8

3.97.4

6.0Skin

tumor"Incidence5/47

0.491/38

0/510/54

0/50%I0.6r

0.02.6

0.00.0

0.0Hepatoma

inmalesIncidence8/23

1/254/20

1/261/291/22%34.8C

4.020.0

3.83.44.5Tumors/liver0.57

0.040.20

0.040.03

0.05Other

tumorsILT"

1 LT, 1UH1

LT
1LTI

LT, 1 LH, 1TH2LT

a Skin tumors (4 squamous cell carcinomas and 2 pigmented basal cell carcinomas) grew rapidly after the end of TPA treatment. Small skin papillomas which

disappeared after the completion of TPA treatment were excluded from this table.
" P<0.0\.
'P< 0.05 against all concurrent controls (X-rays alone. TPA alone, and untreated). The \2 test was applied with Yates' correction, when the expected value in a

cell was less than 5.
d LT, lung tumor; UH, uterine hemangiosarcoma: LH. liver hemangioma in a female; TH. tail hemangioma.

Table 2 Difference in incidence and size of mutant spots and tumors in PTHTFt mice induced by 1.03 Gy of \-rays irradiated in utero at low (0.0043 Gy/min)- and
high (0.543 Gy/mini-dose-rate irradiation followed by the postnatal TPA treatment

The method of X-ray exposure was given in "Materials and Methods." The numbers of white midventral spots were 2 (1.6%) and 1 (0.9%) for high- and low-dosc-

rate exposures, respectively.

Dose rate
(Gy/min)0.543

0.0043Incidence18/12815/113Mutant

spot%

Size(mm2)"14.1

188.8 Â±49.9*' c

13.3 45.2 Â±11.6Tumor-bearing

miceIncidence14/477/59%29.8''

\\.tfSkin

tumorIncidence5/47

1/59%10.6 1.7Hepatoma

inmalesIncidence8/23

3/32%

Volume(mm1)"34.8''

9.4699.2
Â±

20.9 Â±260.113.9Other

tumors1

UT, 2 LT, 1 TH
" The numbers of tumor nodules in the liver were 13 and 3 for high- and low-dose-ratc exposures, respectively. The estimated volume of 13 hepatomas induced by

high-dose-rate irradiation was distributed widely from 27 to 3060 mm', while that induced by low-dose-rate irradiation was 6. 8, and 49 mm'.
* Mean Â±SE.
' P < 0.005 (high dose rale versus low dose rate). The t test was applied with the approximation of Cochran-Cox. because the variance ratio was over F value at

5%.
d P < 0.05 by the x! test with Yates' correction.
' LT, lung tumor; UT. uterine tumor: TH, tail hemangioma.
7 One offspring developed both hepatoma and lung tumor.

posttreatment and, thereby, develop a lower incidence of tumors
and smaller tumor nodules with the later appearance of a tumor
cell.

Thus, in utero radiation induced promotable and transmissi
ble neoplastic alterations in the skin and liver, and such alter
ations must be derived from somatic mutations.

Usually, TPA promotes skin carcinogenesis initiated by ra
diation and chemicals (25, 28). In the present study, TPA must
have been absorbed through the skin or licked, and it systemi-
cally promoted liver carcinogenesis (28). Although the mouse
lung is also known to be a target of TPA (28), lung tumors
were not promoted by postnatal TPA treatment in the present
study. There may be a genetic predisposition which shows
resistance to carcinogenic agents for lung tumorigenesis in
PTHTF, mice, since urethane, a potent lung carcinogen in ICR
and many other strains of mice (12, 13, 15, 16, 24), induced
hepatomas but did not induce lung tumors in PTHTF, mice.6

Although there is no increase of leukemia in the atomic bomb
survivors exposed in utero (7, 9) as in the case of experimental
animals (3, 10-12, this paper), the work strongly suggests that
adult types of cancer will develop in in Mfero-irradiated children
at older ages, because humans are continuously exposed
throughout their lives to cancer-promoting agents in their diet
and environment in contrast to experimental animals reared
without such exposures. In fact, adult types of cancers, but not
leukemias, are reported to be increasing in the current survey
of the atomic bomb survivors exposed in utero (29). At age 43,
the in utero-exposed survivors have just reached the cancer age.
Various types of adult cancers are expected to be expressed at
older ages.

*T. Nomura, unpublished data.
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