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Abstract
At least six types of gene±environment interactions (GEI) have been proposed
(Kouhry and Wagener, 1993). In the first type, neither the environmental exposure
(EE) nor the genetic risk factor (GRF) have any effect by themselves, but interaction
between them causes disease. This is the case of phenylalanine exposure and the
phenylketonuria genotype. Type 2 is a situation in which the GRF has no effect on
disease in the absence of exposure, but exacerbates the effects of the latter. This is
the most important type of GEI in relation to metabolic susceptibility genes and
human carcinogenesis. The third type is the converse of the second (EE is ineffective
per se, but enhances the effect of GRF). Type 4 occurs when both EE and GRF
increase the risk for disease, but the combination is interactive or synergistic: an
example is the interaction between Xeroderma Pigmentosum and UV radiation.
Types 5 and 6, according to the classification proposed by Kouhry, refer to cases in
which the GRF is protective.
The model of GEI that is emerging as the most important in chemical
carcinogenesis refers to metabolic susceptibility genes. The general population
can be divided into subgroups depending on their susceptibility to the action of
carcinogens, based on their ability to metabolize such compounds to electro-
philic, reactive metabolites (which form adducts with DNA), or, respectively,
electrophobic metabolites that are excreted. The present contribution is a short
review of the relevant literature, with particular emphasis on some polymorph-
isms involved in dietary exposures. In addition, the practical implications of
genetic testing in this field are discussed.
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Cancer genes

It is becoming clear that single highly-penetrant mutations

in `cancer genes' explain a very small proportion of

cancers1 (penetrance is the strength of the association

between a mutation and the risk of disease, expressed by

the proportion of the mutation carriers who develop the

phenotypic manifestations). This consideration arises

both from empirical observation and from general

scientific knowledge. Highly-penetrant gene mutations ±

that confer an exceptionally high risk of cancer in the

carriers ± represent the tail of a distribution that includes:

(a) more common mutations in the same cancer genes

(polymorphisms), that have a less disruptive effect on the

protein function; or (b) rare or common mutations in

genes that are less directly involved in the cancer process.

There is increasing evidence that both categories may

play a role in carcinogenesis. Mohrenweiser and collea-

gues 2 have shown that even genes involved in rare and

disruptive conditions such as Xeroderma Pigmentosum

show common polymorphisms whose effects on the

protein function (a DNA repair enzyme) are probably

mild.

Concerning category (b), many metabolic polymorph-

isms are a clear example. Subjects with the GSTM1

`null' genotype are frequent (about 50% of the

population), have a serious genetic change (a deletion

of the entire gene), but a slightly increased risk for

some forms of cancer. Rare and highly-penetrant

mutations in `cancer genes' may act without interacting

with external exposures; this is not necessarily the rule,

since XP is itself one of the best examples of gene±

environment interaction, and there is evidence that

dietary factors may have a greater impact in women

with one or more first degree relatives with breast

cancer than in women without familiarity3. However,

gene±environment interactions are the rule in the case

of low-penetrance genes.

There are not many examples of interaction between

genetic susceptibility, dietary exposures and the risk of

cancer. I will review two prominent examples in the

following.
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Metabolic polymorphisms: examples of interaction

between dietary components and genetic

susceptibility

Methylenetetrahydrofolate reductase

polymorphism

Common genetic polymorphisms have been reported in

the gene encoding methylenetetrahydrofolate reductase

(MTHFR), the enzyme that produces 5-methyltetrahydro-

folate (5-methyl-THF) required for the conversion of

homocysteine to methionine. In individuals with the val/

val genotype, functional effects include elevations in

plasma homocysteine and differences in response to folic

acid supplementation. The metabolic changes associated

with such genotype have been reported to modify the risk

for chronic disease (e.g., vascular disease and cancer) and

neural tube defects in conjunction with folate deficiency.

Folate intake requirements may be different in affected

individuals relative to normal or heterozygous indivi-

duals. The complex interaction between this common

genetic polymorphism of MTHFR and folate intake is the

focus of intense investigation4.

In a study in the U.S. an inverse association of the val/

val polymorphism in the MTHFR gene was associate with

colorectal cancer. The inverse association of methionine

and adverse association of alcohol with colorectal cancer

were stronger among val/val individuals. These inter-

actions were not present in studies of colorectal

adenomas5,6. In another study, the association between

the same allele of the MTHFR gene and ischemic stroke in

an elderly Japanese population was examined. In 256

stroke patients and 325 control subjects, the frequencies

of the allele were 0.45 and 0.32, respectively. The odds

ratios and 95% confidence intervals adjusted for the other

risk factors were, respectively, 1.51 (1.02 to 2.23) for the

adenine/valine genotype and 3.35 (1.94 to 5.77) for the

val/val genotype compared with the adenine/adenine

genotype7.

Moderate elevation of plasma total homocysteine

(tHcy) is a strong and independent risk factor for

coronary artery disease (CAD). It can result from genetic

or nutrient-related disturbances in the transsulfuration or

remethylation pathways for homocysteine metabolism.

Studies on the role of the A/V mutation as a risk factor for

CAD have given conflicting results. In one study, a total of

415 subjects, 278 with angiographically documented

multivessel CAD and 137 with angiographically docu-

mented normal coronary arteries were included. The

overall frequency of the MTHFR V/V homozygous

genotype was 15.7% (with 52.5% heterozygous and

31.8% normal). Subgroup analysis showed no significant

differences between CAD and CAD-free subjects.

However, among individuals with folate levels below

the median, fasting tHcy was significantly increased not

only in V/V homozygotes (by 59%) but also in A/V

heterozygotes (by 21% on average)8.

The polymorphism in MTHFR, plasma tHCY, and folate

using baseline blood levels were examined among 293

Physicians' Health Study participants who developed

myocardial infarction (MI) during up to 8 years of

follow-up and 290 control subjects. Compared with

those with genotype A/A, the relative risk (RR) of MI

among those with A/V was 1.1 (95% CI, 0.8 to 1.5), and it

was 0.8 (0.5 to 1.4) for the V/V genotype; none of these

RRs were statistically significant. However, those with

genotype V/V had an increased mean tHCY level

�mean ^ SEM; 12:6 ^ 0:5 nmol=mL�; compared with

those with genotype A/A �10:6 ^ 0:3� �P , :01�: This

difference was most marked among men with low folate

levels (the lowest quartile distribution of the control

subjects): those with genotype V/V had tHCY levels of

16:0 ^ 1:1 nmol=mL; compared with 12:3 ^ 0:6 nmol=mL

�P , :001� for genotype A/A. Therefore, gene±environ-

ment interaction might increase the risk by elevating

tHCY, especially when folate intake is low9.

Colon cancer, heterocyclic aromatic amines and

NAT2

Heterocyclic aromatic amines are a group of experimental

carcinogens that are formed when meat is fried. They are

metabolized via pathways similar to those for other

arylamines like 4-aminobiphenyl or 2-naphthylamine, i.e.

N-acetylation and N-oxidation. N-acetylation is performed

by the polymorphic non-inducible enzyme N-acetyltrans-

ferase, under control of the genes NAT1 and NAT2;

N-oxidation is performed by CYP1A2, which is an

inducible enzyme of the mixed-function oxidase group.

A positive association between the `rapid acetylator'

phenotype and the risk of colon cancer has been shown

in some studies but not in others (Table 1). The

N-acetyltransferase phenotypes are approximately

bimodally distributed, with around 40% of persons in

European populations being `rapid acetylators'. As Table

1 shows, the slow acetylator phenotype seems to exert a

rather strong protective effect (OR around 0.3±0.4),

compared to the rapid acetylator phenotype, in three

studies based on the phenotype. In one study measuring

the phenotype and three studies based on the genotype

(i.e. on the identification of mutations in the NAT2 gene),

however, no association was found. A particularly

interesting finding was reported from a study in Aus-

tralia10, where an association between high levels of meat

consumption and colon adenoma or carcinoma was

detected among rapid acetylators only (Table 1). A

Japanese study looked at the relationship between the

NAT2 genotype and mutations in the K-ras oncogene

(Odds Ratio � 0:2 for rapid acetylators, 95% confidence

interval 0.03±1.0). Overall, these findings can be inter-

preted as reflecting the greater ability of rapid acetylators

to activate heterocyclic aromatic amines to carcinogenic

derivatives within the colon mucosa. Although such
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interpretation is still largely speculative, mainly due to

inconsistencies among phenotype-based vs. genotype-

based studies, this is clearly an important field of work.

Further corroborating evidence came from one study in

mice showing that rapid acetylators had 3-fold more DNA

adducts, formed by the food carcinogen 2-amino-3-

methyl-imidazo(4,5-f)quinoline (IQ) in the colon mucosa,

than slow acetylators.

Inter-individual variability in metabolic susceptibility to

carcinogens may be particularly important at low levels of

environmental exposure. While at high-level exposure

both rapid and slow metabolisers undergo saturation of

the enzyme activity, this is unlikely to happen at low

doses. Therefore, the risk-modulating effect of the

metaboliser phenotype is likely to be more evident at

low doses. For example, there is evidence of cancer risk

modulation by metaboliser phenotype in relation to

exposures to environmental tobacco smoke (ETS) and

polycyclic aromatic hydrocarbons (such as in vehicle

exhaust), each of which occurs at very low levels in the

ambient environment (and affects a large proportion of

the population). Likewise, low-dose exposure to hetero-

cyclic aromatic amines is widespread: HAA are found in

particular in cured and smoked meat, and in meat cooked

quickly at high temperatures, usually at low doses11.

There are at least three reasons why any screening for

the acetylation pattern would be inappropriate. One is

scientific uncertainty that still surrounds the issue. The

second is the complexity of metabolic patterns, that

hampers the simplified logic of screening for one or a few

traits. The third reason has already been described above:

while the NAT rapid genotype is frequent, its penetrance

is quite low, so that the predictive value in terms of long-

term risk is too small to give any practical benefit (as

opposed, for example, to screening families for highly-

penetrant mutations such as those involved in familial

syndromes). The latter subject will be dealt with in more

detail in a following paragraph.

Mutagen sensitivity

The examples above refer to metabolic polymorphisms,

i.e. to the genetically-based ability to metabolize carcino-

gens. In addition, many investigations12±44 have been

conducted on a greater susceptibility of cancer patients to

DNA damage, in comparison with controls. Most of these

studies are based on the treatment of white blood cells

(WBC) from cases and controls with a mutagen or a

clastogen and on the observation of the frequencies of the

induced DNA damage. The differences between cases

and controls are interpreted as suggesting a greater

susceptibility of cancer cases. The interpretation of such

studies, however, is not completely straightforward. In

particular, the meaning of `mutagen sensitivity' tests is

Table 1 Relative risks of colon cancer according to the acetylator phenotype: slow vs. rapid acetylators11

Authors and years
Method of phenotyping

or genotyping OR (95% c.i.)

Phenotype based studies

Lang et al., 1986 and Wohlleb et al., 1990 sulphamethazine 0.4 (0.15±0.99)
Ilett et al., 1987 sulphamethazine 0.4 (0.20±0.84)
Ladero et al., 1991 sulphamethazine 0.9 (0.5±1.6)
Lang et al., 1995 caffeine

Rapid-rapid phenotype* 2.9 (1.4±6.1)
well-done meat,

Rapid-rapid phenotype* 6.45
Roberts-Thomson et al., 1995 caffeine

adenomas+cancers, rapid acetylators:
high meat intake 3.6 (1.0±13.1)
medium 2.3 (0.7±7.6)
low 1.0²
slow acetylators
high meat intake 0.7 (0.3±1.7)
medium 1.5 (0.6±3.5)
low 1.0²

Genotype based studies

Probst Hensch et al., 1995 NAT2 mutations (PCR) 0.9 (0.7±1.25)
Shibuta et al., 1994 NAT2 mutations (PCR) 1.3³ (0.6±2.9)
Oda et al., 1994 NAT mutations,

Southern blot 1.2 (0.15±8.9)
K-ras mutations
among colon cancer cases:

slow vs. rapid 0.5 (0.01±9.8)
slow 1 intermediate vs. Rapid 0.2 (0.03±1.0)

* Rapid acetylators, rapid oxidizers (CYP1A2).
² Reference category.
³ Mantel±Haenszel estimate (age-adjusted).
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uncertain. Although virtually all studies show a greater

`sensitivity' of cases, one cannot rule out that the apparent

sensitivity is not due to a susceptibility factor, but is a

consequence of genetic instability related to cancer itself.

Cancer is characterized by such a genetic instability that a

`mutagen sensitive' phenotype is not necessarily indicat-

ing a pre-existing susceptibility factor. In spite of such

criticisms, and of the aspecificity of mutagen sensitivity

tests, the burden of investigations suggesting a greater

sensitivity of some subjects to DNA damaging agents is

impressive. Furthermore, the credibility of the observa-

tion is enhanced by the fact that in some investigations

also healthy relatives of cancer patients ± belonging to

high-risk families ± showed increased `mutagen sensitiv-

ity' or impaired DNA repair.

In addition to such studies, several investigations on

DNA adducts suggest that cancer patients have a higher

level of adducts after adjustment for relevant exposures.

For example, in a study on bladder cancer we have found

that, after adjustment for smoking and occupational

exposures, the level of WBC-DNA adducts was the

variable that had the strongest association with the case

vs. controls status45. Similar observations have been made

by others46.

The study of interactions between this kind of

increased susceptibility to DNA damage and dietary

exposures is still very immature. However, in a recent

investigation Palli et al. have shown that a high

consumption of fruit and vegetables can modulate the

concentration of WBC-DNA (bulky) adducts in healthy

individuals47, consistently with a case-control study on

bladder cancer48.

Role of cumulative exposures

Epidemiologic studies have shown that in many instances

duration of exposure is more important than the daily

dose in increasing the risk of cancer. The paradigm for

this general relationship is represented by smoking and

lung cancer, but also experimental evidence has been

produced. In the case of smoking, the incidence of lung

cancer increased with the 4th power of duration and the

2nd power of daily dose in one study49. Other investiga-

tions did not find such a strong discrepancy between dose

and duration, but the latter was nevertheless more

relevant. Duration is mainly due to age at start; classical

epidemiological studies have shown a very strong

association between earlier age at start of smoking and

the risk of lung cancer. In animals, repeated doses

induced tumours more frequently than the same total

amount administered as a single dose50±52. The latter

observation is at odds with the general mechanisms of

toxicity, according to which heavy exposure in a single

administration has more devastating effects than

repeated small doses (there are, however, some notable

exceptions: not all carcinogens follow the rule suggested

above).

In the light of such observations, a possible interpreta-

tion of the higher levels of adducts among cancer cases

compared to controls is the concept of `cumulative

unrepaired DNA damage' (CUDD). What causes cancer

± roughly speaking ± would be the total burden of

genotoxic chemicals that bind to DNA overcoming the

repair processes. Such a burden may be higher because

DNA repair is impaired (for genetic or acquired reasons)

or because repeated exposures to the same agent occur.

The intake of certain foods or nutrients can modulate the

interaction between carcinogenc exposures and DNA

damage, as the investigations on DNA bulky adducts,

mentioned above, suggest47,48.

Practical consequences for genetic testing

If the premises are correct, important practical conse-

quences follow.

First, the contribution of genetic screening of popula-

tions is doomed to be rather limited. Genetic screening is

sensible if at least two conditions are met: that the

identification of a mutation is followed by effective

preventive/therapeutic measures, that prolong survival

and improve the quality of life; that the population

examined shows a high prevalence of mutants as to

achieve a high predictive value of the screening test. If the

prevalence of the mutation in the population is low ±

even in the case we have effective preventive/therapeutic

means ± a screening strategy is unrealistic, since we have

to screen many thousands to find one true positive plus

(usually) a large number of false positives. So, rare

mutations can be reasonably sought in families, not in the

general population.

Conversely, if the mutation is frequent (a polymorph-

ism) its penetrance is likely to be very low and its effects

to depend on interaction with external exposures. In such

a case, even if the predictive value of the test is high (i.e.

there are relatively few false positive results), the success

of screening is low: how can we deal effectively with 50%

of the population (those with the GSTM1 null genotype)

who have a 30±40% excess risk of lung cancer? The best

action is to advice them not to expose themselves to

carcinogens, e.g. not to smoke, but such advice should

be obviously extended to the remaining 50% of the

population. Similar considerations can be made for

folate deficiency and MTHRF polymorphisms, or dietary

exposure to heterocyclic arylamines and NAT2.

Another even better reason why genetic screening for

common polymorphisms is not feasible is that multiple

polymorphisms (tens or even hundreds) are involved in

modulating the risk of cancer. Therefore, it makes little

sense to identify a GSTM1 null individual if the same

person is at low risk for other metabolizing enzymes. It is

rather obvious that for polymorphic conditions that
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interact with external exposures the only reasonable

approach is avoidance of exposure.

The preceding considerations will be clearer if we

provide a quantitative example, based on the concept of

NNT (Number Needed to Treat) (Table 2). Let us imagine

we have two different genetic traits, one with low

penetrance (1.4% of cumulative lifetime risk in the

carriers), and one with high penetrance (37% cumulative

risk). Let us suppose that screening allows us to reduce

the risk of cancer by 58% in both cases. This means that

the absolute risk goes down to 6 per thousand in category

A and to 15.5% in category B, with an absolute reduction

of 8 per thousand and 21.5% respectively. The Number

Needed to Treat is the inverse of such figures, i.e. 125 in

category A and 4.5 in category B. This means that we have

to identify and treat 125 subjects to prevent one death in

category A, while it is sufficient to treat 4.5 individuals in

category B to achieve the same result. The Number

Needed to Screen is given by the NNT divided by the

prevalence of the mutation/polymorphism.

In conclusion, what practical strategies can be pro-

posed? If we accept that genetic screening should be

limited to high-risk families, and that, apart from these,

the risk of cancer depends on the total cumulative

unrepaired DNA damage (CUDD), then we must admit

that avoidance of exposure is the only realistic approach,

even for low levels of exposure. Low levels of exposures

have two properties that make them quite relevant to the

population cancer risk: they are frequent or even

ubiquitous (e.g. dietary components, air or water pollu-

tion) and they are prolonged rather than limited in time.

The average person in Western societies is exposed to

low-level genotoxic pollutants for all her life. Such low-

level exposure starts at a very young age and induces

cumulative DNA damage which, if unrepaired, will be

able to increase the cancer risk. Although a great deal of

controversies have arisen about `thresholds' for carcino-

gens, little attention has been paid to long-lasting

exposures.

The relatively sparse considerations above suggest that

there is a need for specific and well-designed guidelines

for the interpretation of data on genetic susceptibility and

their practical implications. Concerning dietary habits,

there is no evidence that screening for genetic suscept-

ibility involved in the relationships between diet and

disease (e.g. MTHFR or NAT2) might bring any Public

Health advantage. On the contrary, there is some

evidence that dietary exposures (fruit and vegetables)

can exert a modulating effect over the interaction

between carcinogenic exposures, genetic susceptibility

and DNA damage.
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