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Meeting Report 

U.S.-Japan Cooperative Cancer Research Program: Seminar on Nitric Oxide 

Synthase and Carcinogenesis 1 

A workshop on "Nitric Oxide Synthase and Carcinogenesis" was 
held in Williamsburg, Virginia, on January 19 and 20, 1993 under the 
auspices of the U.S.-Japan Cooperative Cancer Research Program. 
The organizers were Dr. Hiroyasu Esumi of the Biochemistry Divi- 
sion, National Cancer Center Research Institute, Tokyo, Japan, and Dr. 
Steven R. Tannenbaum of the Department of Chemistry and Division 
of Toxicology, Massachusetts Institute of Technology, Cambridge, 
Massachusetts. 

There were seven speakers from Japan and six speakers from the 
United States. The purpose of the meeting was to discuss and ex- 
change information on the chemistry and biochemistry of nitric oxide 
and the NOS 2 in relation to potential pathophysiological effects of 
nitric oxide and its reaction products. The opening remarks of Drs. 
Esumi and Tannenbaum emphasized the explosion in the literature on 
nitric oxide and its enormous physiological importance. In December, 
Science named nitric oxide as its "Molecule of the Year." Many 
biological effects are attributed to nitric oxide such as neural trans- 
mission, vasodilation, relaxation of smooth muscle, and cytotoxic 
effects of macrophages and neutrophils. There are two classes of NOS, 
constitutive and inducible. Neurotransmission and vasodilation are 
conducted by the constitutive NOS, but cytotoxicity of macrophages 
is conducted by the inducible NOS. In contrast to the constitutive 
NOS, inducible NOS has been considered not to be regulated by 
calcium even though it has been shown to have an NH2-terminal 
calmodulin-binding site. 

The program ran two full days. In the first session, Drs. Hiroyasu 
Esumi (National Cancer Center Research Institute, Tokyo) and Mi- 
chael Marietta (University of Michigan, Ann Arbor) discussed isola- 
tion, purification, and properties of NOS. NOS catalyzes the conver- 
sion of L-arginine to citrulline and NO. as shown below. 
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Dr. Marietta reviewed his work on the properties of the inducible 
mouse macrophage NOS. Cosubstrates for the reaction include O2 and 
NADPH. In addition, there is a requirement for (6R)-tetrahydro-L- 
biopterin (H2B). Two general classes of NOS have been purified: (a) 
a constitutive form that is Ca 2§ and calmodulin-dependent, and (b) 
an inducible form that is apparently independent of Ca 2§ and cal- 
modulin. NOS contains the coenzymes flavin adenine nucleotide and 
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flavin mononucleotide, and the amino acid sequence derived from the 
eDNA shows significant homology to NADPH-cytochrome P-450 
reductase. The first step in the reaction yields NG-hydroxyl-L-arginine. 
The further conversion of NG-hydroxy-L-arginine to NO. and citrul- 
line requires additional NADPH. NOS also contains a tightly bound 
HaB that saturates at 1 mol HiB/subunit. Evidence to data with pterin 
analogs shows that HaB functions in a redox capacity during the 
reaction. Most recently NOS has been shown to contain a cytochrome 
P-450-type bound protoporphyrin IX heme that functions in catalysis. 
In addition, NOS oxidation of simple alkyl-substituted arginine ana- 
logues is consistent with P-450-type catalysis. An overall picture of 
the NOS mechanism is emerging as well as further insight into the 
design of mechanism-based inhibitors such as NG-methylarginine. 

Dr. Esumi's group has identified and purified the inducible NOS 
from rat liver after treatment with Propionibacterium acnes and LPS. 
The enzyme has a strict requirement for its activity of calmodulin but 
not of calcium. Complementary DNA was cloned from the liver of rats 
treated as above. The longest open reading frame was 3441 base pairs 
encoding 1147 amino acids, being consistent with molecular weights 
of purified NOS. The eDNA was expressed in COS I cells and found 
to encode a Mr 125,000 calmodulin-dependent NOS consistent with 
purified enzyme. Nucleotide and deduced amino acid sequences were 
compared to those of mouse macrophage-inducible NOS. Sequence 
conservations were 94 and 93% for amino acid and nucleotide levels, 
respectively, indicating identity to rat macrophage NOS. From struc- 
tural analysis of the deduced amino acid sequence, putative binding 
sites for flavin mononucleotide, flavin adenine nucleotide, and 
NADPH were found to be well conserved. Although the putative 
calmodulin binding site was not well conserved, hydrophobicity, the 
putative a-helix structure, and surrounding basic amino acid cluster 
were conserved. Northern blot and Western blot analyses revealed that 
LPS treatment induced NOS in various organs transcriptionally. Vari- 
ous cytokines including 7-IFN, TNF, and IL-1 induce NOS in mac- 
rophages, but this induction was abolished by cycloheximide, indi- 
cating newly synthesized protein is required for the induction of NOS 
mRNA. 

Dr. Katsuei Shibuki (Laboratory for Neural Networks, RIKEN) 
presented his work on the function of NO. in the brain. Recently, 
involvement of NO- has been demonstrated in neural synaptic plas- 
ticity, which is responsible for learning and memory. In the cerebel- 
lum, simultaneous activation of two inputs (parallel and climbing 
fibers) evokes LTD of the parallel fiber/Purkinje cell synapses. This 
LTD is the possible cellular mechanism for cerebellar motor learning. 
We have demonstrated that endogenous NO. release and the following 
cGMP production activated by climbing fiber stimulation are required 
for the induction of LTD. But the cellular consequence after the 
NO./cGMP signaling in LTD is not known. Marked NO.-induced 
cGMP elevation is observed in Bergmann glias which surround the 
parallel fiber/Purkinje cell synapses. The obvious NO.-dependence of 
LTD in slice preparations is not observed in cultured Purkinje cells 
lacking perisynaptic glias. These results raise the possibility that the 
consequence of NO./cGMP signaling is to eliminate inherent glial 
suppression on neural plasticity. To test this hypothesis, rat cerebellar 
slices were treated with fluorocitrate (30 /XM, 10 min), a gliotoxic 
metabolic inhibitor. Although no marked changes were produced in 
synaptic responses of Purkinje cells following parallel or climbing 
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fiber stimulation, NO.-dependence of LTD was eliminated by the 
treatment; NO. was replaced by the fluorocitrate treatment in the 
induction of LTD. Another effect produced by the fluorocitrate treat- 
ment was facilitation of "giga-ohm sealing" between the membrane of 
Purkinje cell dendrites and the patch electrode used for intracellular 
recording. Similar facilitation of the giga sealing was evoked by 
sodium nitroprusside (1 mM). On the other hand, protamine (100 
ng/ml), a basic heparin-binding protein, suppressed both of the giga 
sealing and the induction of LTD. These results suggest a causal 
relationship between LTD and the membrane properties of Purkinje 
cells reflected in the giga sealing. 

The development of drugs to control NOS and/or to trap NO- has 
become a key area of research. Dr. Hiroshi Maeda (Kumatomo Uni- 
versity, School of Medicine, Kumatomo, Japan) presented his work on 
potential NO- traps. His group investigated the reactivity of stable 
radical compounds, imidazolineoxyl N-oxides such as PTIO, carboxy- 
PTIO, and carboxymethoxy-PTIO against NO. in both chemical and 
biological systems. By using electron spin resonance spectroscopy, 
imidazolineoxyl N-oxides were found to react with NO. in a stoichio- 
metric manner (PTIO/NO- = 1.0) in a neutral solution (sodium phos- 
phate buffer, pH 7.4) with rate constants of ~ 1 0  4 M -1 S -1, resulting in 
the generation of NO2-/NO 3- and imidazolineoxyls such as 2-phenyl- 
4,4,5,5-tetramethylimidazoline-l-oxyl, or carboxy-/carboxymethoxy- 
2-phenyl-4,4,5,5-tetramethylimidazoline-l-oxyl. Furthermore, the ef- 
fects of imidazolineoxyl N-oxides on acetylcholine- or ATP-induced 
relaxation of the smooth muscle of rabbit aorta were tested. The 
vasorelaxations were inhibited by all three imidazolineoxyl N-oxides 
markedly. The inhibitory effects of carboxy-PTIO was almost 2-fold 
stronger than those of NO- synthesis inhibitors, N'~ 
and NO-monomethyl-L-arginine. Generation of EDRF/NO. was iden- 
tified by reacting the PTIO in aortic specimens and quantitating the 
reaction product with electron spin resonance spectroscopy. Thus, it 
was clarified that imidazolineoxyl N-oxides antagonize EDRF/NO. 
via a unique radical-radical reaction with NO-. 

The remainder of the program dealt with the chemistry of NO- and 
its potential role in the pathogenesis of inflammation and cancer. Dr. 
Peter Ward (University of Michigan Medical School, Ann Arbor, 
Michigan) discussed his research on lung inflammatory injury. 

Deposition of either IgG or IgA immune complexes in rat lung 
results in acute injury to alveolar epithelial cells. In the case of IgG 
immune complexes, lung injury is both neutrophil- and macrophage- 
dependent. Cytokines (TNFa and IL-1) are also involved in events 
leading to injury. Blocking of L-arginine by the intrapulmonary instil- 
lation of analogues of L-arginine (N~-monomethyl-L-arginine and N c- 
nitro-L-arginine methyl ester) is highly protective. These protective 
effects can be monitored by reduced levels of NO2- and NO 3- in the 
bronchoalveolar lavage fluids. The protective effects of the L-arginine 
analogues are not associated with reduced recruitment of neutrophils 
into the alveolar compartment. While the source of products from 
L-arginine, such as NO. and ONOO-, is not known but may be 
phagocytic cells (e.g., pulmonary macrophages, neutrophils, etc.), the 
data indicate that metabolic products of L-arginine are tissue toxic. In 
the case of IgA immune complex-induced lung injury, neutrophil 
recruitment does not occur and cytokine (TNFa and IL-1) production 
is not evident. Tissue damage appears to be related directly to toxic 
products from stimulated pulmonary macrophages. The intrapulmo- 
nary instillation of L-arginine analogues (of the type mentioned above) 
is also highly protective. These data indicate that, in neutrophil and/or 
macrophage-dependent lung injury, metabolic products of L-arginine 
are highly toxic to lung tissue. 

Dr. William Pryor (Biodynamics Institute, Louisiana State Univer- 
sity, Baton Rouge, LA) discussed the chemistry of NO. and its reac- 
tion with O~- to form peroxynitrite (O2NO-). He reviewed earlier 

work on the oxidation of thiols by NO. and NO2 and the inactivation 
of human alPI. Inactivation is far more rapid with mixtures of H202 

and NO2 than with either agent alone. The inactivation involves the 
oxidation of a critical methionine residue. The reason for the more 
rapid oxidation by the combination of reagents is that H202 and 
nitrogen dioxide react to form peroxynitrate (HOONOz), a potent 
oxidant. When alPI is inactivated, a methionine residue at the active 
site is oxidized to methionine sulfoxide. The mechanism involved in 
the oxidation of alPI by peroxynitrite does not involve free radicals. 
Rather, peroxynitrite appears to give HO.-like chemistry following 
protonation through two types of processes. Type 1 is unimolecular 
with Ea = 18 kcal/mol while type w is a bimolecular reaction with E ,  
of 8-10 kcal/mol. This suggests that peroxynitrite might diffuse a 
considerable distance before reacting with cellular nucleophiles. For 
this reason, peroxynitrite is emerging as a major candidate for a key 
reactant related to NO.-induced cellular injury. 

Inflammation is a vital consequence of the tissue injury that is 
inevitably associated with specific types of leukocyte infiltration. Dr. 
Kouji Matsushima (Department of Pharmacology, Kanazawa Univer- 
sity, Kanazawa, Japan) spoke about his research on Interleukin 8 (IL 
8), a novel heparin-binding leukocyte chemotactic and activating fac- 
tor. 1L 8 is produced by various types of cells including monocytes/ 
macrophages, dermal fibroblasts, keratinocytes, vascular endothelial 
cells, epithelial cells, and mesangial cells in response to cytokines 
(e.g., IL-1 and TNF), plant lectins, mitogens, viral and bacterial com- 
pounds (e.g., endotoxin, exotoxin, and transactivating proteins), heavy 
metals (e.g., mercury and cadmium), and superoxide. Molecular 
analysis of the enhancer region of the IL-8 gene has revealed that 
NF-IL 6 (C/EBP) plus NF-kB or AP-1 plus NF-kB-like factor binding 
sites are essentially involved in the IL-8 gene activation. The produc- 
tion of IL-8 has been shown in various human inflammatory diseases 
such as rheumatoid arthritis, ulcerative colitis, Crohn's disease, pso- 
riasis, neonatal infection, urinary tract infection, and glomerulonephri- 
tis. Essential involvement of IL-8 has been established in causing 
neutrophil infiltration in experimental acute inflammation models in 
rabbits such as LPS-induced joint arthritis, skin inflammation, and 
lung reperfusion injury. On the other hand, tumors are often associated 
with leukocyte infiltration, and IL-8 and related cytokines produced at 
the tumor site may be responsible for leukocyte recruitment into the 
tumor site. Possible antitumor activity and antimetastatic activity of 
IL-8 and IL-8-related molecules are under investigation. 

The well-established relationship between infection with the liver 
fluke, Opisthorchis viverrini, and cholangiocarcinoma (CHCA), has 
recently attracted considerable attention for examination of the link 
between inflammation and cancer. Recent studies have shown a dra- 
matic increase in risk (odds ratio, 22.2) of CHCA among heavily- 
infected individuals. Because of the chronic inflammation and high 
risk of cancer associated with this parasite plus the ability to eliminate 
it with simple drug treatment, this is an ideal model to investigate the 
possible involvement of nitric oxide and N-nitrosation in carcinogen- 
esis. Dr. Mitsuhiro Tsuda (National Institute of Hygienic Sciences, 
Tokyo, Japan) discussed the work of a scientific group including 
Thailand, Australia, and Japan comparing endogenous production of 
nitric oxide (nitrate levels in plasma, saliva, and urine) and nitrosation 
potential following proline loading of groups of men stratified by 
intensity of infection and individuals with varying hepatobiliary dis- 
ease status. The 150 male subjects, aged 29-52, with no, moderate, 
and heavy liver fluke infection (as determined by two egg count 
assessments and worm recovery following treatment) were drawn 
from endemic communities in Khon Kaen, northeast Thailand. The 
subjects were also examined by ultrasound to assess hepatobiliary 
status. A second parallel study compares people with early CHCA 
with age-, sex-, and intensity-matched controls with normal and non- 
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malignant gallbladder disease as determined by ultrasonography. 
Urine, saliva, and plasma samples were collected twice from the 
subjects while they were maintained on a low-nitrate diet and re- 
frained from smoking. The first sample collection was performed 
before curing of the infection by praziquantel treatment, and the 
second collection was performed 4 months posttreatment. Levels of 
nitrate in the body fluid were determined by Cd-reduction/Griess 
reagent method. The urinary N-nitrosamino acids, including N-nitro- 
soproline, N-nitrosothiazolidine-4-carboxylic acid (N-nitrosothiopro- 
line), and 2-methyl derivatives of N-nitrosothioproline were deter- 
mined by gas chromatography-thermal energy analyzer. Preliminary 
results indicate that endogenous formation of nitric oxide and NOS 
(measured by the levels of nitrate in the plasma, saliva, and urine and 
by levels of N-nitrosamino acids in the urine) are higher among 
individuals with moderate and heavy infection with the parasites than 
those of uninfected controls and returned to normal 4 months post- 
treatment. These results strongly suggest that endogenous production 
of nitrogen oxides is enhanced during liver fluke infection, which may 
also contribute to an increase in the formation of NOS and hence 
perhaps be involved in cholangiocellular carcinogenesis. 

Complimentary studies were presented on an animal model of OV 
in the Syrian hamster by Dr. Katsumi Imaida (Nagoya City University 
Medical School, Nagoya, Japan). To test whether OV was a promoting 
agent, Syrian hamsters were initiated with a 20 mg/kg DMN i.p. 
injection 19 days prior to infection with 80 OV metacercaria. At week 
45, 44% of the animals receiving both DMN and the parasite devel- 
oped CHCA while 93% had cholangiofibrosis and 4% demonstrated 
hepatocellular carcinomas. Animals receiving DMN alone developed 
no such lesions, and only a 13% incidence of cholangiofibrosis was 
detected in the parasite group without any neoplastic lesion develop- 
ment. In animals infected with OV, fibrotic ductular proliferation was 
always observed, and cystic bile ductules as well as acute and chronic 
proliferative cholangitis were prominent. These findings clearly re- 
vealed OV infection to enhance the development of CHCA in ham- 
sters initiated with DMN, presumably due to the associated chronic 
inflammation. The possibility of mechanical obstruction by OV as the 
main cause of its enhancement of cholangiocarcinogenesis in hamster 
was investigated. Syrian hamster livers were initiated with a single 20 
mg/kg i.p. injection of DMN followed by complete ligation of the left 
extrahepatic bile duct 2 weeks subsequent to initiation. At the end of 
week 40, animals receiving DMN and ligation had a 60.9% incidence 
of cholangiofibrosis, 21.7% incidence of mucous cystadenoma, and 
39.1% incidence of cholangiocarcinoma, whereas the group given 
DMN alone developed only a 5% incidence of cholangiofibrosis, with 
neither cystadenomas nor cholangiocarcinomas being observed in this 
group. No neoplastic lesions were observed in the ligation alone 
group. These results showed that bile duct proliferation resulting from 
ligation might play an important role in the promotion stage of chol- 
angiocarcinogenesis. 

Possible involvement of NOS activity in the enhancing effects of 
OV infection on hamster cholangiocarcinogenesis was examined. Syr- 
ian hamsters were infected with 50 or 100 metacercariae, and at weeks 
4 and 8, urine samples were collected over 24 h and frozen, after 
adjustment of pH to 11 by NaOH, until analysis of NaNO2 content. 
The measured levels of NaNO2 were not significantly different be- 
tween OV-infected and control groups. At week 8, all hamsters were 
sacrificed, and liver tissue was frozen for subsequent investigation of 
NOS activity by immunohistochemistry and in situ hybridization us- 
ing an antibody to NOS and a cDNA provided by Dr. H. Esumi, 
National Cancer Institute, Tokyo. No positive results have yet been 
gained concerning NOS activity in the hamster liver infected with OV. 

These results clearly support the conclusion that infection with OV 
is a very high risk factor for cholangiocarcinogenesis in both humans 

and rodents, but whether NOS contributes to the development of 
cholangiocellular lesions under the influence of fluke parasites re- 
mains to be elucidated. 

Two speakers focused on the mutagenic properties of NO" and 
NO.-prodrugs. Dr. Steven Tannenbaum (Massachusetts Institute of 
Technology, Cambridge, MA) summarized some of the conditions 
under which NO. can exert its toxic effects: (a) NO- may diffuse into 
a target cell and interact with an iron prosthetic group. This may result 
in signaling as in GMP cyclase (positive effect) or in negative effects 
such as the quenching of a free radical in ribonucleotide reductase or 
the destruction of a Fe-S center in aconitase or in the mitochondrial 
electron transport chain; (b) NO. may combine with 02 to form N203. 
Nucleophilic attack on N203 by S- and N-containing molecules will 
cause modification of essential sulfhydryl groups, formation of car- 
cinogenic N-nitroso compounds, or diazotization of primary amines. 
When the amines are purines or pyrimidines, the result is modification 
of RNA or DNA bases via deamination or cross-linking. This will be 
discussed further; and (c) NO. may combine with O~- to form per- 
oxynitrite anion. 

The mutagenicity of NO. has been established in bacteria and 
human cells. In tissues undergoing an inflammatory reaction, both the 
infiltrating and resident cell populations produce a time-dependent 
mixture of nitrogen oxide radicals and oxygen radicals. These differ- 
ent radical species interact forming new radicals and oxygen radicals. 
These different radical species interact forming new reactive interme- 
diates which may contribute to DNA damage. Although the flux of 
radicals per unit time is low, an inflammatory condition that continues 
for years becomes a significant risk factor for carcinogenic cell trans- 
formation. The relative contributions of various radical species to the 
carcinogenic process must be assessed through both chemical analysis 
of DNA and through genetic and molecular biological analysis of 
mutations in surviving exposed cells. 

The Massachusetts Institute of Technology group has developed 
methods using gas chromatography-mass spectroscopy for the con- 
current analysis of deamination and oxidative DNA damage. The 
deamination products of guanine and adenine measured are xanthine 
and hypoxanthine. Oxidation of thymine is assayed via 5-hydroxy- 
methyluracil. Cultured murine macrophages contain no detectable 
background for hydroxymethyluracil and a low background for xan- 
thine and hypoxanthine. Treatment with LPS causes elevation in all 
three modified bases, but addition of an NOS inhibitor, N~-methyl - 
arginine, brings the modified bases down to background levels. Thus, 
oxidative damage to DNA is potentiated by NOS via NO-. Similar 
experiments are being carried out in target cells. 

In summary, the chemistry of DNA damage by NO., although 
potentially complex with respect to the overall mechanisms and the 
actual alterations of the nucleic acid, might arise from only two 
fundamental processes: reaction with oxygen to form nitrosating spe- 
cies; and reaction with superoxide to form peroxynitrite. Chemical 
analysis of mutational spectra in key genes should test this hypothesis. 

Dr. Larry Keefer (National Cancer Institute, Frederick Cancer Re- 
search and Development Center, Frederick, MD) and his research 
group have launched a multifaceted research effort to assess the extent 
to which the genotoxic potential of nitric oxide (NO.) and its pro- 
genitors might contribute to cancer causation in people. Their efforts 
encompass chemical studies, experiments in bacteria, and investiga- 
tion in mammalian systems. 

While "spontaneous" deamination of DNA is energetically quite 
unfavorable, the rate was vastly increased by exposure to NO. in 
aerobic buffers. When NO. was bubbled into a solution of 0.1 M 
phosphate-containing i-100 mM 2'-deoxycytidine until 1 mol of gas 
was absorbed per liter of buffer at pH 7.4, 2'-deoxyuridine (the 
deamination product of 2'-deoxycytidine) was detected to the extent 
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of 3-5 altered bases/103. Similar results were seen for 2'-deoxygua- 
nosine, 2'-deoxyadenosine, and 2'-deoxy-5-methylcytidine, as well as 
for the deoxynucleotides tested and for the cytosine residues of calf 
thymus DNA. 

To determine whether NO. could similarly damage DNA in the 
living cell, Salmonella typhimurium TA 1535 was treated with 
dehydroepiandrosteron/NO and SPER/NO, two drugs that spontane- 
ously release NO. on dissolution in physiological media and that have 
proved useful for the controlled biological delivery of NO.. Both were 
mutagenic. SPER/NO, a solid complex formed by reacting NO. with 
spermine, was the more potent. DNA from mutant colonies treated 
with SPER/NO was isolated and sequenced. Of 114 colonies ana- 
lyzed, 113 contained C ~ T transition mutations in the first or second 
position of the hisG46 (CCC) target codon. 

Similar results were seen when this bacterial strain was exposed to 
the clinical antianginal agent, nitroglycerin, an important drug that is 
reductively converted to NO. as its active metabolite. The mutational 
spectrum for nitroglycerin was the same as that seen for SPER/NO. 
However, nitroglycerin proved inactive in six other strains of S. 
typhimurium (TA1975, TA102, TA1538, TA100, TA100NR, and 
YG1026). 

To learn how replication and repair pathways available in human 
cells might affect the mutagenic potential of NO., they exposed the 
shuttle vector, pSP189, which carries the Escherichia r supF gene 
as a target for mutation, to gaseous NO. at pH 7.4. In a control 
study, the plasmid was separately treated with sodium nitrite at pH 
7.4, 6.4, and 5.4. Treated plasmid was transfected into human Ad293 
cells in which replication occurred. Plasmid was then extracted and 
transformed into the indicator E. coli strain, MLB100. The muta- 
tional spectra seen when mutant plasmids were sequenced were very 
different for NO. versus nitrite treatment, with GC ~ AT transitions 
being the predominant (44%) mutation seen in the nitrite-treated 
plasmid while 60% of the lesions seen with nitric oxide were AT 
GC transitions. It is possible that this unexpected difference results 
from the production of oxidizing as well as nitrosating agents during 
autoxidation of NO., while acidified nitrite is capable only of deami- 
nation. In a series of in vivo studies, nitroglycerin, dehydro- 
epiandrosterone/NO and SPER/NO are being tested for carcinoge- 
nicity. 

Two speakers discussed the use of mutations in oncogenes as pos- 
sible clues to the etiologies of human cancers. Carcinogenesis is now 
considered to be a multistage process accumulating multiple genetic 
alterations. Several mutations are often detected in one sample of 
clinical cancers. At this stage, it is very reasonable to ask whether or 
not a pattern of mutations in cancers reflects the etiological back- 
ground. 

Dr. Setsuo Hirohashi (National Cancer Center Research Institute, 
Tokyo, Japan) presented an analysis of a variety of types of human 
tumors. Human cancers can be roughly classified into two groups. In 
one group, cancer is developed in an otherwise normal organ. Spo- 
radic adenoma and carcinoma of the colon, excluding those associated 
with ulcerative colitis, are surrounded by normal looking colonic 
mucosa. CHCA of Japanese patients are found in normal liver in most 
cases. In the other group, cancer develops in a damaged organ, which 
shows chronic inflammation, cell death, and regeneration. Gastric 
cancers, especially those of the intestinal type, develop in mucosa 
affected by chronic atrophic gastritis. Chronic hepatitis and cirrhosis 
caused by infections of hepatitis viruses are seen in most cases of 
hepatocellular carcinoma. Furthermore, chronic inflammation induced 
by infection of liver fluke (OV) is the cause of a high incidence of 
CHCA in northeast Thailand. They examined the pattern of p53 mu- 
tations and some other genetic alterations in these cancers associated 
with and not associated with chronic inflammation. They also tried to 

analyze whether involvement of inflammation in the carcinogenic 
process confers types of mutations unique to cancer or not, but the 
result was not so simple, p53 mutations and other genetic alterations 
they detected in intestinal types of gastric cancers were very similar to 
those detected previously in colon cancers, although the etiological 
backgrounds of the two tumors were different. Mutations at CpG sites 
were very common in gastric cancer but rare in hepatocellular carci- 
nomas, although those two tumors are considered to develop with a 
common basis of chronic inflammation. 

When mutation of c-ICl-ras gene was analyzed, it was suggested 
that point mutation of c-Ki-ras is not involved in carcinogenesis in the 
presence of inflammation, e.g., CHCA associated with HBV or hepa- 
titis C virus infection. Examples other than these tumors include 
carcinoma of the gallbladder, which is almost always associated with 
gallstones and chronic cholecystitis, and colon cancer associated with 
ulcerative colitis. On the other hand, point mutational activation of the 
c-Ki-ras gene seems to occur frequently in tumors that are not asso- 
ciated with inflammation. Examples of these tumors include CHCA in 
Japanese pancreatic adenocarcinoma and colorectal adenoma and ad- 
enocarcinoma. Activation of the c-Ki-ras gene is considered to be 
involved in the development of these cancer types. 

According to Dr. Curtis C. Harris (National Cancer Institute, 
Bethesda, MD), mutations in the evolutionarily conserved codons of 
the p53 tumor suppressor gene are common in diverse types of human 
cancer. The p53 mutational spectrum differs among cancers of the 
colon, lung, esophagus, breast, liver, brain, reticuloendothelial tissues, 
and hemopoietic tissues. Transitions predominate in colon, brain, and 
lymphoid malignancies. Mutational hotspots at CpG dinucleotides in 
codons 175, 248, and 273 may reflect an endogenous mutagenic 
mechanism, i.e., deamination of 5-methylcytosine to thymidine. The 
distribution of p53 mutations at these codons with CpG dinucleotides 
also varies among different tissue sites. Oxy-radicals may enhance the 
rate of deamination. G:C to T:A transversions are the most frequent 
substitutions observed in cancers of the lung, breast, stomach, and 
liver and are more likely to be due to bulky carcinogen-DNA adducts. 
p53 mutation and/or accumulation of posttranslationally modified p53 
protein can be preinvasive events in bronchial, mammary, or esopha- 
geal carcinogenesis. Mutations at A:T base pairs are seen more fre- 
quently in esophageal than in other solid tumors. Most transversions 
in lung, breast, and esophageal carcinomas are dispersed among nu- 
merous conserved codons. In liver tumors in persons from geographic 
areas in which aflatoxin Bx and hepatitis B virus are cancer risk 
factors, most mutations are at one nucleotide pair of codon 249. In 
geographic areas where hepatitis B and C viruses, but not aflatoxin B1, 
are risk factors, the p53 mutations are distributed in numerous codons. 
One hypothesis concerning generation of liver cancers with this mu- 
tation is: (a) aflatoxin B1 is metabolically activated to form the pro- 
mutagenic N7dG adduct; and (b) enhanced cell proliferation due to 
chronic active viral hepatitis allows both fixation of the G to T 
transversion in codon 249 of the p53 gene and selective clonal ex- 
pansion of the cells containing this mutant p53 gene. The induction of 
skin carcinoma by UV light is indicated by the occurrence of p53 
mutations at dipyrimidine sites including CC to TI" double base 
changes. The p53 mutational spectrum in radon-associated lung can- 
cer from uranium miners also differs from lung cancer caused by 
tobacco smoke alone. In summary, these differences in mutational 
spectrum among human cancer types suggest: (a) the etiological con- 
tributions of both exogenous and endogenous factors to human car- 
cinogenesis; (b) specific proliferative effects conferred by different 
mutantp53 genes in different human cell types; and (c) hypotheses for 
investigation. 

Following the conclusion of the individual presentations, there was 
an open discussion. All of the participants agreed that the meeting had 
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been very productive and that there was a great deal of complimen- 
tarity between the U.S. and Japanese research. New contacts were 
developed and old friendships were renewed in an atmosphere of 
international cooperation. 

Hiroyasu Esumi 
National Cancer Center Research Center 
Tokyo, Japan 

Steven R. Tannenbaum 
Massachusetts Institute of Technology 
Cambridge, Massachusetts 02139 

APPENDIX 

Nitric Oxide Synthase and Carcinogenesis: Scientific 
Presentations (in alphabetical order) 

1. Structure and Regulation of Inducible Nitric Oxide Synthase 
Hiroyasu Esumi 
Biochemistry Division, National Cancer Center Research Insti- 
tute, 5-1-1, Tsukiji, Chuoku, Tokyo, Japan 

2. p53 Mutational Spectrum in Human Cancers: Clues to Can- 
cer Etiology and Molecular Pathogenesis 
Curtis C. Harris, Emanuela Felley-Bosco, Stefan Ambs, and Peter 
Shields 
Laboratory of Human Carcinogenesis, National Cancer Institute, 
NIH, Bethesda, MD 20892 

3. p53 Mutations and Other Genetic Alterations in Various Hu- 
man Cancers with Different Etiology 
Setsuo Hirohashi 
Pathology Division, National Cancer Center Research Institute, 
Tokyo, Japan 

4. Opisthorchis viverrini-related Cholangiocarcinogenesis in the 
Liver of Rodents: Possible Contribution of Nitrogen Oxide 
Synthase 
Katsumi Imaida, Tomoyuki Shirai, Tsuneo Masui, Kumiko 
Ogawa, Witaya Thamavit, Mitsuhiro Tsuda, and Nobuyuki Ito 
Department of Pathology, Nagoya City University Medical 
School, Nagoya, Japan [K. I., T. S., T. M., K. O., N. I.]; Depart- 
ment of Pathobiology, Faculty of Science, Mahidol, University, 
Bangkok, Thailand [W. T.]; and Department of Toxicology, Na- 
tional Institute of Hygienic Sciences, Tokyo, Japan [M. T.] 

5. Genotoxicity of Nitric Oxide and Its Progenitor Drugs 
Larry K. Keefer 
Chemistry Section, Laboratory of Comparative Carcinogenesis, 

National Cancer Institute, Frederick Cancer Research and Devel- 
opment Center, Frederick, MD 21702 

6. Imidazolineoxyl N-oxides as a New Class of Antidote for 
Nitric Oxide 
Hiroshi Maeda, Takaaki Akaike, and Masaki Yoshida 
Department of Microbiology, Kuamamoto University School of 
Medicine, Kuamamoto 860, Japan 

7. Biochemistry of NO. Synthases 
Michael A. Marietta 
Interdepartmental Program in Medicinal Chemistry, College of 
Pharmacy and Department of Biological Chemistry, School of 
Medicine, University of Michigan, Ann Arbor, MI 48109-1065 

8. Pathophysiological Roles of Interleukin 8 in Inflammation 
Kouji Matsushima 
Department of Pharmacology, Cancer Research Institute, 
Kanazawa University, 13-1 Takara-Machi, Kanazawa 920, Japan 

9. Peroxynitrous Acid Chemistry 
William A. Pryor 
Biodynamics Institute, Louisiana State University, 711 Choppin, 
Baton Rouge, LA 70803-1800 

I0. Cellular Consequence After NO" Signaling in Neural Plastic- 
ity 
Katsuei Shibuki 
Laboratory for Neural Networks, RIKEN 

11. Overview of Nitric Oxide and Nitric Oxide/Superoxide 
Chemical Interactions with DNA 
Steven R. Tannenbaum, John S. Wishnok, Teresa deRojas- 
Walker, Snait Tamir, and Hong Ji 
Massachusetts Institute of Technology, Cambridge, MA 02139 

12. Increased Endogenous Formation of Nitrogen Oxides and 
N-Nitroso Compounds in Humans by Chronic Infection with 
the Liver Fluke, Opisthorchis viverrini 
Mitsuhiro Tsuda, Soisungwan Satarug, Melissa R. Haswell- 
Elkins, Eimorn Mairiang, David B. Elkins, and Hiroyasu Esumi 
National Institute of Hygienic Sciences, Tokyo, Japan [M. T.]; 
Faculty of Medicine, Khon Kaen University, Khon Kaen, Thai- 
land IS. S., M. R. H-E., D. B. E.]; Tropical Health Program, 
Queensland Institute of Medical Research, Brisbane, Australia 
[M. R. H-E., D. B. E.]; and National Cancer Center Research 
Institute, Tokyo, Japan [H. E.] 

13. Role of L-Arginine Products in Lung Inflammatory Injury 
Peter A. Ward, and Michael S. Mulligan 
Department of Pathology, The University of Michigan Medical 
School, Ann Arbor, MI 
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