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The mechanism of liver carcinogen-
esis is unclear, although it is believed to
involve multiple endogenous and exog-
enous genetic alterations. One form of
liver cancer, hepatocellular carcinoma
(HCC), is particularly common in Africa
and Asia, including Japan(1). Studies
have demonstrated a strong association
between HCC and hepatitis B and C vi-
rus infections(2). The HCC cells also
exhibit frequent allelic losses on specific
chromosomal arms in their nuclei, par-
ticularly losses in the single most com-
monly mutated gene in human cancers,
the tumor suppressor gene p53 (also
known as TP53)(3).

Because of the relatively long latency
period, the mechanistic role of ionizing
radiation in the dose-dependent in-
creased frequency of HCC among the
atomic bomb survivors of Hiroshima
and Nagasaki is not clear(4). To shed
some light on the molecular events that
may, in part, help to explain the height-
ened risk of atomic bomb-induced HCC,
we have analyzed the p53 gene in the
HCC tissue samples from 120 survivors
of the atomic bomb explosions who
were exposed to various doses of radia-
tion ranging from 0 to 1569 mSv (liver
dose).

The tissues were procured from 1952
through 1989. All specimens were for-
malin fixed and paraffin embedded at
the time of autopsy. DNA was extracted
separately from areas of each sample
containing normal or tumor tissues and
amplified by polymerase chain reaction

(5). The mutational-hotspot exons 5, 6,
7, and 8 of the p53 gene were initially
screened by the single-strand conforma-
tion polymorphism assay for mutations
and sequenced by the dideoxy method.
Sequencing was done in both the sense
and antisense directions, and only muta-
tions that were verified in both direc-
tions were counted. All samples were
analyzed after blinding as to exposure
dose, city of exposure, sex, and age.

The samples were divided into the
following four dose groups: 0–4, 5–249,
250–499, and greater than or equal to
500 mSv. The number of samples in
each group is shown in Fig. 1. There was
no difference among the four groups
with respect to the characteristics of the
detected mutations. In all groups,
roughly 70% of the point mutations
were heterozygous and 30% were ho-
mozygous (most likely, hemizygous
with deletion of one allele). Restriction
fragment length polymorphism analysis
demonstrated loss of heterozygosity in
32% of the informative samples. Sev-
enty-eight percent of the point mutations
detected were GC to AT transitions,
with only 13% of these at CpG sites.
Most (74%) of the mutations were of the
missense type, and 21% were silent mu-
tations; however, 89% of the samples
with silent mutations also had a mis-
sense mutation. Finally, there was no re-
markable difference with respect to dose
in the location of the mutations along
the p53 gene.

As controls, the nontumor tissues
from the 0–4, 249–499, and greater than
or equal to 500 mSv groups were ana-
lyzed and shown to have p53 point mu-
tations at frequencies of 45%, 44%, and
20%, respectively. The results were
verified by two independent polymerase
chain reaction amplifications from the
stock (unamplified) DNA. The nonexist-
ence of a significant dose dependence
and the high frequency of mutations is
provocative. A number of studies(6–8)
have reported high frequencies of p53
abnormalities in nontumor liver tissues
from patients with HCC. The enrich-
ment of cells with p53 mutations in the
nontumor tissues is probably caused by
selective proliferation of hepatocytes
with p53 mutations plus characteristic
liver regenerative responses to cell loss
or injury, with no concomitant increase
in apoptosis. This view is supported by

data demonstrating the development of
focal hepatocyte nodules in p53-
transgenic rats(9). Furthermore, the low
proportion of point mutations in the
greater than or equal to 500-mSv group
of nontumor samples may imply that ir-
radiated precancerous cells with muta-
tions either died or progressed to HCC.

In contrast to the nontumor tissues,
there was a statistically significant
dose–response relationship in the per-
cent of HCC samples harboring a p53
point mutation in the tumor tissues (Fig.
1; logistic regression method applied to
the ungrouped data gave a logistic slope
of .00163 and a 95% confidence interval
of .00042–.00322). The background fre-
quency of 46% that we found is similar
to the frequency in the general Japanese
population reported by Oda et al.(3). It
is striking that there was a dose–
response relationship for point muta-
tions but not for deletions, which are one
of the major types of DNA damage
thought to be caused by ionizing radia-
tion (10).One consideration is that cells
with deletions could have died early,
leading to a negative selection of dele-
tion-type damage.

The dose-dependent enrichment of
cells with p53 mutations in the tumors is
probably caused by expansion of cells
with p53 mutations plus mutations in
other genes that allow unregulated
growth. The direct radiation target is
more likely to be a gene that is changed
into a mutator by a radiation-induced
mutation. The induction of a mutator
gene would be expected to increase with
dose and would allow a single cell or its
progeny to accumulate multiple muta-
tions necessary for the conversion of a
normal to a cancer cell.

In addition, the dose-dependent rise
in tumor p53 mutations and the dose-
independent existence of nontumor tis-
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sue p53 mutations also suggest that ir-
radiation of noncancer cells with pre-
existing mutations may have increased
the likelihood of progression to cancer,
perhaps by a mechanism similar to the
one proposed above regarding creation
of a mutator gene. An analogous situa-
tion to this supposition is found in the
study by Cha et al.(11) who demon-
strated thatN-nitroso-N-methylurea ex-
posure was not directly responsible for
the mutations in the H-ras proto-
oncogene that are frequently found in
N-nitroso-N-methylurea-induced rat
mammary tumors (and, in fact, that the
H-ras mutations were shown to pre-exist
rather than be generated at a later time).
Further support is found from p53-
knockout mice that demonstrate en-
hanced HCC development after expo-
sure to liver carcinogens(12). Such
studies(13) as well as ours emphasize
the importance of conditional mutations
whose oncogenic potentials are realized
after exposure to a carcinogen and a
concomitant damage of another gene.
Thus, one would expect a dose-
dependent rise in mutations in the tumor
but not in the nontumor tissues.

Future studies in the survivor popu-
lation on the associations of p53 muta-

tions with hepatitis B and C virus infec-
tions (which are found frequently in the
Japanese HCC population), which lead
to chronic cycles of cell loss, regenera-
tion, and damage, should provide clearer
clues to the etiology of radiation-
induced human liver cancers.
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Fig. 1. Percent of hepatocellular car-
cinoma (HCC) samples with p53 mu-
tations as a function of the dose of
radiation from the atomic bomb to the
liver. Statistical analysis was applied
to the ungrouped data. Error bars for
the percent HCCs with p53 mutations
denote two standard errors, and the
error bars for the median liver dose
denote the 25th and 75th quartiles of
the dose-grouped data.P value is
two-sided.

1168 BRIEF COMMUNICATION Journal of the National Cancer Institute, Vol. 90, No. 15, August 5, 1998


