5. D. Schoepp, J Bockaert, F. Sladeczek, ibid., p.
508.

6. E. A. Barnard, R. Miledi, K. Sumikawa, Proc. R.
Soc. London Ser. B 215, 241 (1982).

7. Y. Masu et al., Nature 329, 836 (1987).

8. D. Julius, A. B. MacDermott, R. Axel, T. M. Jessell,
Science 241, 558 (1988).

9. M. Hollmann, A. O'Shea-Greenfield, S. W. Rogers,
S. Heinemann, Nature 342, 643 (1989).

10. K. Moriyoshi et al., ibid. 354, 31 (1991).

11. M. Masu, Y. Tanabe, K Tsuchida, R. Shigemoto,
S. Nakanishi, ibid. 349, 760 (1991).

12. S. Numa, Harvey Lect 83, 121 (1989), N. Unwin,
Neuron 3, 665 (1989)

13. K. Imoto et al., Nature 335, 645 (1988); K. Imoto et
al., FEBS Lett. 289, 193 (1991).

14. K. Keinanen et al., Science 249, 556 (1990); J.
Boulter et al., ibid., p. 1033; N. Nakanishi, N. A.
Shneider, R. Axel, Neuron 5, 569 (1990); K.
Sakimura et al, FEBS Lett. 272, 73 (1990); P.
Werner, M. Voigt, K. Keinanen, W. Wisden, P. H.
Seeburg, Nature 351, 742 (1991); B. Bettler et al.,
Neuron 5, 583 (1990); A. Herb et al., ibid. 8, 775
(1992); M. Hollmann, M. Hartley, S. Heinemann,
Science 252, 851 (1991); K. Sakimura, T. Morita,
E. Kushiya, M. Mishina, Neuron 8, 267 (1992).

15. R. Dingledine, Trends Pharmacol. Sci. 12, 360
(1991); R. J. Miller, Trends Neurosci. 14, 477
(1991).

16. T. A. Verdoorn, N. Burnashev, H. Monyer, P. H.
Seeburg, B. Sakmann, Science 252, 1715 (1991);
R. I. Hume, R. Dingledine, S. F. Heinemann, ibid.
253, 1028 (1991).

17. M. lino, S. Ozawa, K. Tsuzuki, J. Physiol. (London)
424, 151 (1990); T. A. Gilbertson, R. Scobey, M.
Wilson, Science 251, 1613 (1991); T. Mdller, T.
Moller, T. Berger, J. Schnitzer, H. Kettenmann,
ibid. 256, 1563 (1992); N. Burnashev et al., ibid.,
p. 1566.

18. B. Sommer, M. Kohler, R. Sprengel, P. H. See-
burg, Cell 67, 11 (1991).

19. B. Sommer et al., Science 249, 1580 (1990); H.
Monyer, P. H. Seeburg, W. Wisden, Neuron 6,
799 (1991).

20. A. F. Ikin, Y. Kloog, M. Sokolovsky, Biochemistry
29, 2290 (1990); A. M. Ly and E. K. Michaelis,
ibid. 30, 4307 (1991); T. Honoré et al., Eur. J.
Pharmacol. 172, 239 (1989); M. S. Sonders et al.,
J. Biol. Chem. 265, 6776 (1990).

21. H. Meguro et al., Nature 357, 70 (1992); T. Kutsu-
wada et al., ibid. 358, 36 (1992).

22, H. Monyer et al., Science 256, 1217 (1992).

23. T. Ishii, M. Masu, R. Shigemoto, N. Mizuno, S.
Nakanishi, unpublished data.

24. K. N. Kumar, N. Tilakaratne, P. S. Johnson, A. E.
Allen, E. K. Michaelis, Nature 354, 70 (1991).

25. M. Yamazaki, H. Mori, K. Araki, K. J. Mori, M.
Mishina, FEBS Lett. 300, 39 (1992); S. Karp and S.
Nakanishi, unpublished data.

26. H. Sugihara, K. Moriyoshi, T. Ishii, M. Masu, S.
Nakanishi, Biochem. Biophys. Res. Commun.
185, 826 (1992).

27. K. Sakurada, M. Masu, S. Nakanishi, J. Biol.
Chem., in press; N. Burnashev et al., Science 257,
1415 (1992); H. Mori, H. Masaki, T. Yamakura, M.
Mishina, Nature 358, 673 (1992).

28. D. T.Monaghan, H. J. Olverman, L. Nguyen, J. C.
Watkins, C. W. Cotman, Proc. Natl. Acad. Sci.
U.S.A. 85, 9836 (1988); D. T. Monaghan, Neuro-
sci. Lett. 122, 21 (1991); R. A. Gonzales, J.
Neurochem. 58, 579 (1992).

29. Y. Tanabe, M. Masu, T. Ishii, R. Shigemoto, S.
Nakanishi, Neuron 8, 169 (1992); K. M. Houamed
et al., Science 252, 1318 (1991).

30. T. Abe et al., J. Biol. Chem. 267, 13361 (1992).

31. Y. Nakajima and S. Nakanishi, unpublished data.

32. |. Aramori and S. Nakanishi, Neuron 8, 757 (1992).

33. Y. Tanabe and S. Nakanishi, unpublished data.

34. R. Shigemoto, S. Nakanishi, N. Mizuno, J. Comp.
Neurol. 322, 121 (1992).

35. Y. Bessho, H. Nawa, S. Nakanishi, J. Neurochem.,
in press.

36. H. Shinozaki, M. Ishida, K. Shimamoto, Y. Ohfune,
Br. J. Pharmacol. 98, 1213 (1989); M. Ishida, H.
Akagi, K. Shimamoto, Y. Ohfune, H. Shinozaki,
Brain Res. 537, 311 (1990).

37. Y. Hayashi et al., Br. J. Pharmacol., in press.

38. R. J. Miller, Trends Pharmacol. Sci. 12, 365
(1991), A. Baskys, Trends Neurosci. 15, 92
(1992).

39. D. J. Linden, M. H. Dickinson, M. Smeyne, J. A.
Connor, Neuron 7, 81 (1991).

SCIENCE IN JAPAN: ARTICLES

40. C. Yamamoto, H. Yamashita, T. Chujo, Nature
262, 786 (1976).

41. 1. D. Forsythe and J. D. Clements, J. Physiol.
(London) 429, 1 (1990); A. Baskys and R. C.
Malenka, ibid. 444, 687 (1991).

42. S. Nawy and C. E. Jahr, Nature 346, 269 (1990).

Multistep Carcinogenesis:
A 1992 Perspective

Takashi Sugimura

Cancer is the leading cause of death in Japan. Recent changes in cancer incidence
patterns may reflect the trend toward a more Western diet and life-style. Among the dietary
factors that contribute to carcinogenesis are the heterocyclic amines, a group of mutagenic
compounds present in cooked meat and fish. Carcinogenesis is a multistep process in
which cells accumulate multiple genetic alterations as they progress to a more malignant
phenotype. Recognition of the growing number of interacting factors that contribute to
carcinogenesis may force reconsideration of current methods of risk assessment.

Since 1981, cancer has been the major
cause of death in Japan, followed by cardio-
vascular disease (1). The Japanese Ministry
of Health and Welfare recorded 223,604
cancer-related deaths in 1991 (2). The inci-
dence of gastric cancer has been declining,
whereas cancers of the colon, pancreas, and
breast have been increasing in incidence
(3). These changes in organ site distribution
may be due to recent changes in the nation’s
dietary habits, including reduced salt intake
and increased fat intake (4). A similar link
between diet and cancer incidence patterns
has been demonstrated previously in studies
of Japanese emigrants to Western countries
(5). The incidence of lung cancer is rising
steadily in Japan because the anti-smoking
movement is still at an early stage (3).

As with the other modern sciences, the
opening of the gates of Japan to foreign
countries at the end of the Edo era (1603—
1867) facilitated progress in cancer research
and clinical practice; this progress followed
the introduction of knowledge and state-of-
the-art technology, first from Germany and
later from the United States, especially
after World War II. Since that time, inter-
national research efforts have led to vast
improvements in cancer detection and
treatment. These improvements are reflect-
ed in the improved survival rates of patients
treated at the National Cancer Center in
Tokyo. Thirty years ago, only 37% of the
patients treated at the Center survived 5
years or more, whereas this figure is now
estimated to be about 50% (6). Indeed, we
have become accustomed to seeing cancer
patients successfully return to their normal
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daily activities after treatment.

Despite this tremendous progress, many
problems in cancer detection and treatment
remain. Certain groups of cancers are still
almost impossible to diagnose early enough
to permit effective treatment. Among these
are cancers of the pancreas and gallbladder,
small-cell lung cancer, scirrhous-type gastric
cancer, and ovarian cancer. Prostate cancers
also pose a particular problem because, with-
out sophisticated molecular analyses, it is
difficult to distinguish between occult disease
and disease that will progress and therefore
require aggressive treatment. Another, more
recently recognized problem is the occur-
rence of second primary cancers among pa-
tients who had previously been cured of their
first cancers by medical intervention. Many
of these second cancers are neither metasta-
ses nor recurrences of the earlier disease but
rather are examples of “multiple primary
neoplasia.” The development of these sec-
ond tumors is not necessarily treatment-
related since they are observed in patients
who have never received chemo- or radio-
therapy. About 8% of the patients at the
National Cancer Center in Tokyo are now
being treated for such tumors, as compared
with less than 2% in 1962 (7). As discussed
below, these cancers may originate from
“primed” cells that harbor some, but not all,
of the genetic alterations required for cancer
development. New genetic alterations—and
potentially a new malignancy—may arise
from exposure of these primed cells to envi-
ronmental and endogenously produced car-
cinogenic factors.

In this article, I consider several aspects
of current research on the causes.and treat-
ment of cancer in Japan. First, I describe
studies on diet and cancer, particularly
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those concerned with the detection of
carcinogens in cooked foods. Second, I
briefly review recent studies on genetic
alterations and genomic instability in can-
cer cells and discuss the possible conse-
quences of this instability in tumor pro-
gression. Finally, I discuss new ideas on
risk assessment of cancer, in light of the
existence of multiple interacting carcino-
genic factors.

Diet and Cancer

Diet is now recognized as a major factor in
carcinogenesis (8). A positive correlation
between fat intake and cancer develop-
ment has been reported for cancers of the
breast, uterus body, pancreas, and colon
(8, 9). In addition, ingestion of excess salt
appears to promote development of gastric
cancers.

Certain foods are contaminated with
genotoxic (DNA-damaging) carcinogens
such as mycotoxins, plant alkaloids, ni-
trites, and nitrosamines. Contamination
of food with the mycotoxin aflatoxin B,
can be reduced, but complete elimination
of this agent is not yet possible (10). Since
the detection of carcinogenic plant alka-
loids [for example, ptaquiloside in bracken
fern (I1) and petasitenine in Petasites
japonicus Maxim (12)], efforts have been
made to limit human exposure to these
substances (13, 14). Dietary intake of
nitrites and nitrosamines has been reduced
by restricting the use of nitrite as a food
additive. In contrast, because N-nitro-
samines can be formed from endogenous
nitric oxide in the body, it is not feasible
to eliminate human exposure to these
compounds.

QOur own studies on the role of diet in
carcinogenesis followed from our work in
the 1950s on 4-nitroquinoline 1-oxide
(4NQO) (15), a carcinogen that was mu-
tagenic in the fungus Aspergillus (16). This
compound served as an excellent model for
demonstrating that molecules with muta-
genic activity in microbes had carcinogenic
activity in rodents. Many carcinogens react
with DNA only after metabolic conversion
to an activated form by mammalian en-
zymes such as the cytochrome P-450s.
Metabolic activation of 4NQO does not
require the cytochrome P-450 system; rath-
er, 4NQO is converted to 4-hydroxyl-
aminoquinoline 1-oxide (4HAQQO) by
NAD(P)H, oxidoreductases including DT
diaphorase. The 4HAQO intermediate is
further activated in the presence of seryl-
tRNA synthetase, serine, and adenosine
triphosphate  to  yield seryl-4HAQO,
through which quinoline-DNA adducts are
produced (17). Studies on the molecular
mechanisms of DNA damage caused by
4NQO were greatly facilitated because its
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Fig. 1. Carcinogenic heterocyclic amines in cooked foods.

metabolic activation pathway is shared by
prokaryotes and eukaryotes. Mutation in-
duction in microbes and cultured mamma-
lian cells, DNA adduct formation, DNA
strand scission, and oxidative agent forma-
tion could be more efficiently studied with
4NQO and 4HAQO than with many other
carcinogens (17).

Another example of the link between
carcinogenicity and mutagenicity was our
demonstration that fibrosarcomas could be
induced in rats by subcutaneous injection of
N-methyl-N'-nitro-N-nitrosoguanidine (I8),
a widely used mutagen in microbial genetic
experiments. We later showed that this
agent produced adenocarcinomas in the rat
glandular stomach when administered as a
solution in drinking water (19), thus prov-
ing that gastric cancer could be produced by
a genotoxic substance. These results are
consistent with recent evidence that hu-
man gastric cancers display multiple genetic
alterations (20).

A compound that was once used as a
food preservative in Japan, AF-2 [2-(2-
furyl)-3-(5-nitro-2-furyl)acrylamide], was
found to induce chromosomal aberrations
in cultured human lymphoblasts and to be
mutagenic in Escherichia coli. Animal stud-
ies confirmed that AF-2 was carcinogenic,
and its usage in food was subsequently
banned (21).
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Heterqcyclic_Amines as
Carcinogenic Factors

Our studies on the relationship between
mutagens and carcinogens, especially with
regard to food additives, led to our discov-
ery of a series of new mutagenic and
carcinogenic compounds generated in
cooked food such as grilled or broiled fish
and meat (13, 21, 22). We used the Ames
test [a mutagenicity assay in which Salmo-
nella typhimurium bacteria are treated with
test chemicals that have been metabolical-
ly activated in vitro with rat liver enzymes
(23)] as a monitoring system for purifying
the mutagenic compounds and identified
them as new heterocyclic amines (HCAs),
imidazoquinoline (IQ) and methylimida-
zoquinoxaline  (MelQx)  derivatives.
These compounds are produced by heating
proteinaceous food of animal origin and
are detectable under ordinary cooking
conditions. The precursors of IQ and
MelQx compounds are creatin(in)e,
which is abundant in fish and meat, and
amino acids and sugars (24). Another
HCA, phenylimidazopyridine (PhIP), was
later detected in fried beef by Felton’s
group (25). Although the specific muta-
genic potential of PhIP in the Ames test
was lower than that of other HCAs, its
carcinogenic potential was similar (26,
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Fig. 2. Monoclonal growth expansion of hepatocellular carcinoma (HCC). (A) This schematic
illustrates the development of an early HCC, which is weakly malignant but already monoclonal, in
a liver that is damaged by chronic hepatitis or cirrhosis. A more malignant HCC often develops as
a subclone within the early HCC. (B) Gross findings (left) and histological appearance (right) of a

surgically resected HCC with features of “a tumor within a tumor.”

The outer tumor, indicated by

arrowheads, is well differentiated, and the inner tumor, indicated by arrows, is poorly differentiated.
The histological section shows the border between the two tumors. (C) Southern blot analysis of
HBV DNA integration in cellular DNA extracted from the inner (lane 1) and the outer (lane 2) tumors
in (B). DNA samples were digested with Eco Rl and subjected to electrophoresis, and the separated
fragments were transferred to a nitrocellulose filter that was then hybridized to a HBV-specific
probe. In DNA from the outer tumor and cirrhotic tissue (lane 3), the bands at 3.2 kb correspond to

free HBV DNA.

27). Heated foods contain much higher
amounts of PhIP than other HCAs (27).

Additional experiments revealed that
pyrolysis of proteins and amino acids can
produce mutagenic HCAs. For example,
pyrolysis of tryptophan and glutamic acid
generates pyridoindole (Trp-P-1 and Trp-
P-2) and dipyridoimidazole (Glu-P-1 and
Glu-P-2) derivatives, respectively (13, 21).
Two amino-a-carboline compounds (AaC
and MeAaC), which are also HCAs, were
identified as mutagens in pyrolysates of soy-
bean globulin (28). Several of these HCAs
are also found in broiled fish and meat.

We have shown that all ten HCAs
tested thus far (Fig. 1) are carcinogenic in
rodents (21, 26, 27). Although most of
these compounds produced hepatocellular
adenomas and carcinomas in rats and mice,
PhIP did not induce hepatic lesions in
either species. Rather, PhIP caused lym-
phomas in both male and female mice,
colon cancers preferentially in male rats,
and mammary cancers in female rats (29).
Monkeys also developed hepatocellular car-
cinomas after administration of IQ by nasal-
gastric intubation (30).

Other mutagenic HCAs recently identi-
fied in cooked meat are aminomethylimida-
zofuropyridine (MelFP) (31) and 2-amino-
1-methyl-6- (4-hydroxyphenyl)imidazo[4,5-
blpyridine (4’-OH-PhIP) (32).

The HCAs have been classified into
non-IQ-types and IQ-types. The amino
groups of the non-IQ-types, the pyridoin-

dole and dipyridoimidazole derivatives, are
deaminated by treatment with 2 mM sodi-
um nitrite to form hydroxy groups, which
results in the loss of their mutagenic activ-
ity. By contrast, the amino groups of IQ-
type HCAs are not affected by this treat-
ment. Thus, the differential response to 2
mM sodium nitrite can be used to estimate
the relative contribution of IQ-type and
non-IQ-type HCAs to the total mutagenic-
ity in crude fractions of test material (33).
It was in this way that the mutagenicity of
tobacco smoke was found to derive primar-
ily from non-IQ-type HCA:s.

Amino groups of both IQ and non-IQ-
type HCAs are metabolically activated to
N-hydroxyamino groups by cytochrome
P450IA2 (34, 35). The N-hydroxyamino
derivatives are further modified by esterifi-
cation with acetic acid, sulfuric acid, and
proline, and it is these forms that produce
DNA adducts (34). The ultimate reactive
forms of Trp-P-2, Glu-P-1, IQ, and PhIP
form adducts at the C-8 position of guanine
(36). This base specificity is consistent with
the finding that in HCA-induced tumors,
mutations in the ras and p53 genes occur
most often at G:C base pairs (37).

The frequency of HCA-induced DNA
adducts in various tissues may provide in-
formation useful for risk evaluation. In rats
treated with HCAs, DNA adducts are pres-
ent in relatively high amounts in the kidney,
heart, and pancreas, but no tumors develop
in these organs (38). DNA adduct formation
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may therefore be necessary but in itself is not D
sufficient for carcinogenesis. For rational 77
evaluation of human cancer risk atmbutable
to HCA:ss, to which we are exposed daily, we
must learn more about the complex molec-
ular events occurring during carcinogenesis.
In so doing, we must consider possible inter-
plays between HCAs and other environ-
mental carcinogens.

Multiple Genetic Alterations and
Multistep Carcinogenesis

Since the discovery by Weinberg and others
of mutationally activated H-ras genes in
human bladder cancer cells (39), the con-
cept of somatic cell mutation has become
very relevant to carcinogenesis. There is
now much information available on the
multiple genetic alterations that underlie
various human cancers. These alterations
lead to activation or overexpression, or
both, of oncogene products and inactiva-
tion or loss of tumor suppressor gene prod-
ucts. In one case of human pancreatic
cancer, for example, our laboratory detect-
ed simultaneous amplification of both the
activated K-ras oncogene and the c-myc
gene (40). Several groups showed that
nearly all cases of small-cell lung cancer
display loss of heterozygosity (LOH) on
chromosome 3p, chromosome 13q (the site
of the Rb gene), and chromosome 17p (the
site of the p53 gene) (41, 42). LOH in-
volves two genetic alterations, usually a
mutation in one allele and loss of the other
allele. Thus, induction of small-cell lung
cancers may require at least six genetic
alterations. A few specimens of small-cell
lung cancer also exhibit amplification of
myc family oncogenes (41, 43).

The existence of multiple genetic alter-
ations in human colon cancer has been
elegantly demonstrated by Vogelstein,
White, Nakamura, and their co-workers
(44). The critical genes identified thus far
are K-ras, APC, DCC, MCC, and p53. The
progression to a more malignant phenotype
is accompanied by an increase in the num-
ber of genetic alterations. Precancerous le-
sions such as adenomas already display some
genetic changes, but these changes appear
to be insufficient for expression of the fully
malignant phenotype (45).

A direct correlation between malignancy
and accumulation of genetic changes has
also been shown for human hepatocellular
carcinoma. Infection of liver cells with hep-
atitis B virus (HBV) is thought to be an early
event in hepatocarcinogenesis. The viral
DNA may mediate its effects at least in part
through its ability to integrate at random
sites in liver DNA of infected individuals
(46). When HBV sequences are used to
probe DNA from normal and cirrhotic re-
gions of the liver in Southern blots, the
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Table 1. Correlation between histological grade and number of genetic alterations in hepatocellular

carcinoma.

Loss of heterozygosity*

Ampli-
Histological grade Chromo- Chromo- fication of
03221)21?1- some some HST1t
16q 17p
Early 0/2 (0) 0/6 (0) 0/5 (0) 0/5 (0)
Well differentiated 2/13 (15) 4/20 (20) 7/20 (35) 1/20 (5)
Moderately differentiated 8/14 (57) 12/23 (52) 16/22 (73) 2/22 (9)
Poorly differentiated 15/24 (63) 28/32 (88) 24/31 (77) 6/31 (19)

*Number in parentheses is frequency expressed as percentage.

11g encompassing INT2-HST1-EXP1-EXP2/PRAD1.

Normal tissue
E{recancerous s{affj
79 (LL

Accumulation of genetic alterations

Fig. 3. Relationship between the appearance of
genetic alterations and the development of
cancer. In the future, information on the number
and type of genetic alterations in various can-
cers is likely to have an impact on treatment
decisions including, for example, the preven-
tion of unnecessary surgery.

hybridizing DNA appears as a smear. Hy-
bridizing DNA from cancerous regions of the
liver, by contrast, appears as separate but
distinct bands (Fig. 2), indicating that each
tumor originates from a single cell (47).
Furthermore, although there is often histo-
pathological evidence of a “tumor within a
tumor,” where the central part of the tumor
is composed of more malignant cells than
the peripheral part, the DNA from the two
parts nevertheless shows identical hybridiza-
tion patterns. This result demonstrates that
all the tumor cells originate from the same
cell. Molecular analyses of one such tumor
specimen that appeared to be “two tumors
within a tumor” revealed that the peripheral
(less malignant) lesion had a wild-type p53
gene, whereas the two internal (more malig-
nant) lesions had mutations in the p53 gene,
each at different codons (48). Thus, the
hepatoma developed from a single cell and
accumulated mutations during the course of
monoclonal growth expansion. Like other
cancers, hepatocellular carcinomas exhibit
an increasing number of genetic alterations
as they progress toward a more malignant
phenotype (Table 1) (49).

It has been suggested that the high fre-
quency of genetic alterations in malignant
cells is associated with an increase in genom-
ic instability. One possible manifestation of
such instability is the chromosomal aberra-
tions that are common in malignant cells.
Genomic instability may be caused by mu-
tations that affect the cellular machinery
necessary for accurate replication and distri-
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THST1 is the DNA stretch on chromosome

bution of DNA into the two daughter cells
(50). For example, a mutation in the gene
encoding DNA polymerase may produce an
enzyme with less fidelity, and mutations in
the genes encoding proteins related to chro-
mosome integrity, such as p53, could result
in genomic instability. Enhanced cell
growth itself increases the likelihood that
genetic alterations will occur. In addition,
the production of active oxygen species or
nitric oxide in inflammatory cells during
chronic inflammation or in precancerous
lesions may provide favorable conditions for
genetic alterations that predispose cells to
malignancy. Loss of gap junctional commu-
nication may also lead to a sudden expres-
sion of altered phenotypes caused by the
presence of genetic changes whose effects
had previously been masked by normal in-
tercellular communication.

The term “field cancerization” has been
used to describe the development of cancers
in a multicentric fashion in the same or
adjacent organs (51). This phenomenon is
often observed in tobacco-related cancers of
the upper aerodigestive tract. For example,
patients who present with pharyngeal can-
cer have an eight times higher risk of
subsequently developing esophageal cancer
compared to the normal population. Simi-
larly, patients who present with laryngeal
cancer have a seven times higher risk of
developing lung cancer (7).

Evaluation of Carcinogenic Factors

The risk hazard of environmental carcino-
gens has been estimated mainly on the basis
of data from animal studies and epidemio-
logical analyses. The animal studies general-
ly involve experiments with a single chemi-
cal tested at several different dosages. The
epidemiological analyses are powerful pri-
marily in cases in which there is heavy
exposure of a defined population to a single
chemical or to a mixture of a somewhat
specialized group of chemicals, such as in
tobacco smoke. With regard to the risk
hazard associated with consumption of
cooked meat and fish, three epidemiological
studies have indicated a slight but significant
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enhancement of cancer development; one
study revealed an increased risk for gastric
cancers (52) and the other two revealed an
increased risk for colon cancers (53). How-
ever, as discussed above, there are many
ubiquitous carcinogenic factors associated
with day-to-day life. Thus, any exposure to a
single potentially harmful chemical superim-
poses its influence on a human body that has
likely been exposed to many kinds of carcin-
ogens in the past. Although each of these
carcinogens may have only a minor impact

‘on cancer risk, their cumulative impact

could be substantial.

Other factors also need to be considered
for biologically meaningful risk assessment.
Because cancer is a disease that originates,
in principle, from a single cell, carcinogen-
ic toxicology is different from general toxi-
cology. In the latter case, the concentra-
tion of the risk factor is expressed in terms
of weight per unit-body-weight or per unit-
body-surface. This approach is not appro-
priate for carcinogenic factors. A dose that
would produce a single cancer cell in 1 rat
among 250 is theoretically equivalent to
the dose that would produce a single cancer
cell in one human. Although this dose
would prove fatal for only 1 of the 250 rats,
it would be fatal for the one human; in
other words, the risk in man is 250 times
higher than that in the rat. Carcinogenic
toxicology should therefore be viewed as
“quantum toxicology.” Given these consid-
erations, we may be underestimating cancer
risks with our current approaches. Of
course, this is an oversimplification that
does not take into account other factors
such as natural defense mechanisms against
cancer cell growth, which may be more
pronounced in humans.

The existence of multiple carcinogenic
factors, multiple genetic alterations in can-
cer cells, and multiple steps in carcinogen-
esis also underscores the uncertainties in-
herent in estimation of cancer risk. A
pragmatic approach to eliminating carcino-
genic factors that does not impose excessive
burden on the individual or community
seems the most rational approach at this
stage of understanding.

Finally, prevention of carcinogenesis is of
the utmost importance, especially for pa-
tients who have a high risk of developing a
second neoplasm. Derivatives of B-carotene
and ascorbic acid, antioxidants, polyphe-
nolic compounds of plant origin, and poly-
unsaturated fatty acids of fish origin are
among the most promising chemopreventive
agents currently being investigated (54).

REFERENCES AND NOTES

1. Mortality Statistics from Malignant Neoplasms
1972-1984, Special Report of Vital Statistics in
Japan (Statistics and Information Department,
Minister's Secretariat, Ministry of Health and Wel-



13.
14,

15

17.

18.
19.

20.

21,
22

23.

24,

25.
26.

27.

28.

29.

30.
31.

32.

33

fare, Tokyo, 1986).

. Vital Statistics 1991 Japan (Statistics and Informa-
tion Department, Minister’s Secretariat, Ministry of
Health and Welfare, Tokyo, 1991).

. S. Watanabe and H. Arimoto, Jpn. J. Clin. Oncol.
19, 413 (1989); N. Yamaguchi, S. Mizuno, S.
Akiba, T. Sobue, S. Watanabe, Jpn. J. Cancer
Res. 83, 251 (1992).

. M. Yamaguchi, R. Suzue, S. Watanabe, Jpn. J.
Clin. Oncol. 20, 113 (1990); Annual Report of the
National Nutrition Survey (Health Service Bureau,
Ministry of Health and Welfare, Tokyo, 1990).

. W. Haenszel and M. Kurihara, J. Natl. Cancer Inst.
40, 43 (1968); H. Shimizu, T. M. Mack, R. K. Ross,
B. E. Henderson, ibid. 78, 223 (1987); S. Tsugane,
S. L. D. Gotlieb, R. Laurenti, J. M. P. de Souza, S.
Watanabe, Int. J. Cancer 45, 436 (1990).

. S. Watanabe et al., Jpn. J. Clin. Oncol. 19, 178
(1989).

. Y. Kobayashi, H. Arimoto, I. Ono, S. Watanabe,
ibid. 20, 128 (1990); Y. Kobayashi, H. Arimoto, S.
Watanabe, ibid. 21, 233 (1991).

. National Research Council. Diet, Nutrition, and
Cancer (National Academy Press, Washington,
DC, 1982); R. Doll and R. Peto, J. Natl. Cancer
Inst. 66, 1191 (1981).

. S. Preston-Martin, M. C. Pike, R. K. Ross, P. A.
Jones, B. E. Henderson, Cancer Res. 50, 7415
(1990).

. H. P. Van Egmond, Food Addit. Contam. 6, 139
(1989).

. J. C. M. van der Hoeven, W. J. Lagerweij, M. A.
Posthumus, A. van Veldhuizen, H. A. J. Holter-
man, Carcinogenesis 4, 1587 (1983); |. Hirono et
al., Gann 75, 833 (1984).

. 1. Hirono et al., J. Natl. Cancer Inst. 58, 1155

(1977); H. Yamanaka, M. Nagao, T. Sugimura,

Mutat. Res. 68, 211 (1979).

T. Sugimura, Cancer 49, 1970 (1982).

B. N. Ames, Science 221, 1256 (1983).

W. Nakahara, F. Fukuoka, T. Sugimura, Gann 48,

129 (1957).

. K. Yamagata, M. Oda, T. Ando, Hakko Kogaku

Zasshi 34, 378 (1956).

M. Nagao and T. Sugimura, Adv. Cancer Res. 23,

131 (1976); T. Sugimura, Ed., Carcinogenesis, A

Comprehensive Survey, vol. 6 of The Nitroquino-

lines (Raven, New York, 1981).

T. Sugimura, M. Nagao, Y. Okada, Nature 210,

962 (1966).

T. Sugimura and S. Fujimura, ibid. 216, 943

(1967).

S. Hirohashi and T. Sugimura, Cancer Cells A

Mon. Rev. 3, 49 (1991); G. Tamura et al., Cancer

Res. 51, 3056 (1991); S. Uchino et al., ibid. 52,

3099 (1992); A. Horii et al., ibid., p. 3231.

T. Sugimura, Science 233, 312 (1986).

______etal, in Origins of Human Cancer, H. H.

Hiatt, J. D. Watson, J. A. Winsten, Eds. (Cold

Spring Harbor Laboratory, Cold Spring Harbor,

NY, 1977), pp. 1561-1577.

B. N. Ames, J. McCann, E. Yamasaki, Mutat. Res.

31, 347 (1975).

M. Jagerstad et al., ibid. 126, 239 (1984); S.

Grivas, T. Nyhammar, K. Olsson, M. Jagerstad,

Food Chem. 20, 127 (1986); E. Overvik, M. Kle-

man, |. Berg, J.-A. Gustafsson, Carcinogenesis

10, 2293 (1989).

J. S. Felton et al., Carcinogenesis 7, 1081 (1986).

H. Ohgaki, S. Takayama, T. Sugimura, Mutat. Res.

259, 399 (1991).

K. Wakabayashi, M. Nagao, H. Esumi, T. Sugi-

mura, Cancer Res. (suppl.) 52, 2092S (1992).

D. Yoshida, T. Matsumoto, R. Yoshimura, T. Mat-

suzaki, Biochem. Biophys. Res. Commun. 83, 915

(1978).

H. Esumi, H. Ohgaki, E. Kohzen, S. Takayama, T.

Sugimura, Jpn. J. Cancer Res. 80, 1176 (1989);

N. lto et al., Carcinogenesis 12, 1503 (1991).

R. H. Adamson et al., Jpn. J. Cancer Res. 81, 10

(1990).

M. G. Knize, M. Roper, N. H. Shen, J. S. Felton,

Carcinogenesis 11, 2259 (1990).

R. Kurosaka et al., Jon. J. Cancer Res. 83, 919

(1992).

. M. Tsuda et al., Mutat. Res. 147, 335 (1985).

34.

35.

36.

37.

38.

39.

40.

41,

42.

43.
44.

R. Kato and Y. Yamazoe, Jpn. J. Cancer Res. 78,
297 (1987); E. G. Snyderwine et al., Carcinogen-
esis 9, 411 (1988); M. H. Buonarati and J. S.
Felton, ibid. 11, 1133 (1990).

T. Aoyama, F. J. Gonzalez, H. V. Gelboin, Mol.
Carcinog. 1, 2563 (1989).

Y. Hashimoto, K. Shudo, T. Okamoto, Biochem.
Biophys. Res. Commun. 96, 355 (1980); J. Am.
Chem. Soc. 104, 7636 (1982); E. G. Snyderwine,
P. P. Roller, R. H. Adamson, S. Sato, S. S. Thor-
geirsson, Carcinogenesis 9, 1061 (1988); H.
Frandsen, S. Grivas, R. Andersson, L. Dragsted,
J. C. Larsen, ibid. 13, 629 (1992); H. Nagaoka et
al., Jpn. J. Cancer Res. 83, 1025 (1992).

M. Kudo, T. Ogura, H. Esumi, T. Sugimura, Mol.
Carcinog. 4, 36 (1991); H. Makino et al., Cancer
Lett. 62, 115 (1992); H. Makino et al., Proc. Natl.
Acad. Sci. U.S.A. 89, 4850 (1992).

K. Yamashita et al., Jon. J. Cancer Res. 81, 470
(1990); K. Takayama, K. Yamashita, K. Wakabaya-
shi, T. Sugimura, M. Nagao, ibid. 80, 1145 (1989);
E. Overvik, M. Ochiai, M. Hirose, T. Sugimura, M.
Nagao, Mutat. Res. 256, 37 (1991).

C. J. Tabin et al., Nature 300, 143 (1982); E. P.
Reddy, R. K. Reynolds, E. Santos, M. Barbacid,
ibid., p. 149; E. Taparowsky et al., ibid., p. 762.
H. Yamada et al., Jpn. J. Cancer Res. 77, 370
(1986).

J. Yokota, M. Wada, Y. Shimosato, M. Terada, T.
Sugimura, Proc. Natl. Acad. Sci. U.S.A. 84, 9252
(1987).

J. W. Harbour et al., Science 241, 353 (1988); T.
Takahashi et al., ibid. 246, 491 (1989).

J. Yokota et al., Oncogene 2, 607 (1988).

B. Vogelstein et al., N. Engl. J. Med. 319, 525
(1988); E. R. Fearon et al, Science 247, 49
(1990); K. W. Kinzler et al., ibid. 251, 1366 (1991);
K. W. Kinzler et al, ibid. 253, 661 (1991); I.
Nishisho et al., ibid., p. 665; J. Groden et al., Cell

45.

46.

47.

48.

49.

50.

51.

52.
53.

54,

55.

SCIENCE IN

APAN: ARTICLES

66, 589 (1991); G. Joslyn et al., ibid., p. 601.

Z. Ronai, Y. Lau, L. A. Cohen, Mol. Carcinog. 4,
120 (1991); Z. Ronai, Oncology Res. 4, 45 (1992).
A. Dejean, L. Bougueleret, K.-H. Grzeschik, P. Tiol-
lais, Nature 322, 70 (1986); O. Hino, T. B. Shows, C.
E. Rogler, Proc. Natl. Acad. Sci. U.S.A. 83, 8338
(1986); R. Koshy and P. H. Hofschneider, Curr. Top.
Microbiol. Immunol. 144, 265 (1989); J. Wang, X.
Chenivesse, B. Henglein, C. Bréchot, Nature 343,
555 (1990); Y. Urano, K. Watanabe, C. C. Lin, O.
Hino, T. Tamaoka, Cancer Res. 51, 1460 (1991).
H. Tsuda, S. Hirohashi, Y. Shimosato, M. Terada,
H. Hasegawa, Gastroenterology 95, 1664 (1988).
T. Oda and S. Hirohashi, personal communica-
tion.

H. Tsuda et al., Proc. Natl. Acad. Sci. U.S.A. 87,
6791 (1990).

L. A. Loeb and K. C. Cheng, Mutat. Res. 238, 297
(1990).

D. B. Slaughter, H. W. Southwick, W. Smejkal,
Cancer 6, 963 (1953).

M. Ikeda et al., Gann 74, 640 (1983).

M. H. Schiffman and J. S. Felton, Am. J. Epidemi-
ol. 131, 376 (1990); M. Gerhardsson de Verdier,
U. Hagman, R. K. Peters, G. Steineck, E. Overvik,
Int. J. Cancer 49, 520 (1991).

L. W. Wattenberg, Cancer Res. (suppl.) 43, 2448S
(1983); B. S. Reddy and H. Maruyama, ibid. 46,
3367 (1986).

| thank my many colleagues at the National Can-
cer Center, Tokyo, especially K. Wakabayashi for
his assistance in the preparation of this manu-
script. Many studies cited here were supported
by grants-in-aid from the Ministry of Health and
Welfare, the Ministry of Education, Science and
Culture, the 10-Year Strategy for Cancer Control
Program of the Japanese Government, the Prin-
cess Takamatsu Cancer Research Fund, and the
Foundation for Promotion of Cancer Research.

Intracellular Signaling by
Hydrolysis of Phospholipids and
Activation of Protein Kinase C

Yasutomi Nishizuka

Hydrolysis of inositol phospholipids by phospholipase C is initiated by either receptor
stimulation or opening of Ca2+ channels. This was once thought to be the sole mechanism
to produce the diacylglycerol that links extracellular signals to intracellular events through
activation of protein kinase C. It is becoming clear that agonist-induced hydrolysis of other
membrane phospholipids, particularly choline phospholipids, by phospholipase D and
phospholipase A, may also take part in cell signaling. The products of hydrolysis of these
phospholipids may enhance and prolong the activation of protein kinase C. Such prolonged
activation of protein kinase C is essential for long-term cellular responses such as cell
proliferation and differentiation.

Protein kinase C (PKC) takes part in
cellular responses to various agonists in-
cluding hormones, neurotransmitters, and
some growth factors. The enzyme is acti-
vated by increased amounts of diacylglyc-
erol in membranes that result from ago-
nist-induced hydrolysis of inositol phos-
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pholipids (I). However, hydrolysis of
other phospholipids, particularly phos-
phatidylcholine, produces diacylglycerol
at a relatively later phase in cellular re-
sponses, and a possible function of phos-
pholipase D in cell signaling has been
suggested (2). In fact, sustained activation
of PKC is essential for subsequent respons-
es such as cell proliferation and differen-
tiation (3, 4). It is also plausible that
phospholipase A, is activated by most of
the agonists that induce inositol phospho-
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