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A Bit of History 

More than a century ago, Sir Francis Galton (1889) posed a query, "nature or 
nurture?," aimed at estimating the "relative powers" of these two factors in 
human development. For several decades Galton's query was of paramount 
importance in directing human genetic research on an exact quantitative course, 
especially when common morbid traits were considered. 

In both the origin and manifestation of the vast majority of common dis
orders, hereditary and environmental factors each play their respective 
obligatory roles. In other words, the history of a common human disease is 
usually the history of both the genetic predisposition and, not or, provocative 
environmental factors. The origin of this notion can be easily traced back to the 
1920S and 1930S, when animal and plant phenogeneticists of the time formulated 
their first theories about genotype-phenotype interrelations in organism 
development. 

In my judgement, which may be formed by my professional origin, one of 
the earliest and most comprehensive models of phenotypic manifestation of 
a genotype was elaborated by S.S. Tschetverikoff (also spelled Chetverikov) and 
two of his students, N.W. Timofeeff-Ressovsky and B.L. Astauroff. According to 
their personal communications, the discussions on genotype-phenotype relations 
took place at Tschetverikoffs' tea parties as early as 1922-1924. In Russian these 
discussions were nicknamed ".up03COOp" a shortening of "CoBMecTHoe opaHHe 

.uP030<PHJIhillHKOB", which translates as "Drosophilists' joint shouting" in English. 
In one of his earliest publications of 1925, Timofeeff-Ressovsky reported on 

quantitative and qualitative variation in gene expression in Drosophila. In his 
1926 work, co-authored with O. Vogt, the terms "penetrance," "expressivity," and 
"specificity" -designating respective measures of variation in gene expression
were first introduced. The authors also discussed the application of the 
experimental phenogenetic data and concepts to human disease classification. 

Even in early studies, gene penetrance and expressivity were found to be 
influenced by both the genotypic background and the ambient conditions. 
Therefore, Tschetverikoff (1926) suggested the need to distinguish between the 
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outer environment of an organism (medium externum) and the genotypic envi
ronment (genetic background, milieu genetique, medium genotypicum) of the 
gene in question. Somewhat later, by examining the bilateral variation in halters
to-wing homoeotic transformation in tetraptera mutants of Drosophila, Astauroff 
inferred the existence of one more medium, namely the intraorganismal 
variation in development that he designated as internal medium (medium 
internum). Summarizing his own and other authors' results, Astauroff (1930) 

produced a general formula of organism development: 

a = F(p,g,e, i) 

where a is a resulting trait, p = plasmatype, g = genotype, e = external medium, 
and i = internal medium. 

A similar, graphic model was gradually developed by Timofeeff-Ressovsky, 
beginning in the above-mentioned paper with Vogt (1926), up to a completed 
version published in 1940 and later (cf. Timofeeff-Ressovsky and Ivanov 1966), 
which is shown in Fig. 1. 

Neither of these models specified whether the effects of the factors involved 
were additively totalled up or if a sort of interaction existed between them. In 
the 1970S we carried out an extensive study in Drosophila on the mode of action 
of some dozen homoeotic and other genes being combined in pairs and triplet 
combined in the same stocks (e.g. Boulyjenkov and Ivanov 1977, 1978; Kaurov 
et al. 1978; Boulyjenkov 1979; Ivanov 1979; Khusnutdinova et al. 1981, 1982). 
The total data obtained and shown in Table 1 brought us to the unequivocal 
conclusion that the joint manifestation of the genes studied was interactive. 

In general, the accumulated facts and elaborated models could already 
describe how, in the wonderful and very complicated ontogeny of Metabiota, 
specific events take place at a specific time and at the specific location (Timofeeff
Ressovsky and Ivanov 1966; Timofeeff-Ressovsky et aI. 1977; Ivanov 1991). 

Fig. 1. Formal scheme of gene expression 
(from Timofeeff-Ressovsky 1940). The 
manifestation of a gene (a)in definite trait (A) 
through intermediate stage (ac) is influenced 
by other genes of the genome (b-n) and 
intraorganismal (p-q) and external (x) factors 
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Thus, the basic features of the phenomenology of gene manifestation were 
more or less outlined. Further studies have shown that general inferences from 
animal and plant developmental genetics can be extrapolated to the formation of 
both normal and morbid human hereditary traits (e.g.,Bochkov and Ivanov 1981, 

1991; Ivanov 1982, 1992; Lazyuk et al. 1982; Bochkov et al. 1984, 1988). 

Non-Communicable Diseases Today 

This section is substantially based on the World Health Organization document, 
"Research for Health" (1993). 

An investigation recently carried out by the Advisory Committee on Health 
Research and aimed to "develop further a clearly enunciated health research 
strategy for WHO in order to translate the research goals, priorities and 
programmes into coherent and coordinated action in support of health for all" 
has shown that non-communicable disorders become major causes of disability 
and death in most countries of the world. 

The non-communicable disorders include prenatal diseases determined at 
fertilization (e.g., single gene defects and chromosomal aberrations), prenatal 
diseases determined after fertilization (e.g., the result of hazards associated with 
early embryonic development), postnatal diseases due to deficiencies and haz
ards (diseases of poverty), and postnatal diseases due to maladaptation ("dis
eases of affluence"). 

Disease is not an inescapable attribute of the human condition; except when 
determined at or soon after fertilization, it results essentially from unhealthy 
ways of living and can be prevented if those ways can be changed. 

The frontiers of knowledge are constantly being pushed back as a result of 
advances in research relevant to health care and health services development, 
particularly in cell biology, including genetics, biotechnology, the neurosciences 

Table 1. Interaction of homoeotic genes in organ transformation in Drosophila. (From 
Ivanov 1979) 

Genotype Transformed organ 

Proboscis Antenna Second and Third 

Proximal Distal 
legs 

pb/pb 0 0 0 

Antpl + Ns/Ns 0 0·42 0 

ss"/ss" 0 0 1 0 

Pcl + 0 0 0 1 

pb Ns/pb Ns 2.20 1.67 1.6 7 0 

pb ssa/pb + 2·31 0 1.0 3 

pb Pc/pb + 
Antp ssa 1+ ssa 0 2.13 1. 8 4 0 

Antp/Pc 0 4·73 1.97 0.64 

Pc ssal + ss" 0 1.16 2·38 
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and the physical sciences. Other potential contributions of new knowledge to 
improve the health of individuals and communities may come from the 
biological, agricultural, physical, social and environmental sciences. 

Therefore, research strategy aimed at the efficient control of non-communi
cable diseases requires investigation into the genetic, environmental, and 
behavioural influences that have led to these diseases that are now predominant 
in developed countries and beginning to rise in the developing world. In some, 
the major exogenous influences (tobacco, alcohol, occupational hazards, pol
lution, etc.) are already known, and the research required is predominantly con
cerned with heredity and behaviour; in others, the influences are unknown, and 
research is needed into disease origins. 

Genetic Heterogeneity of Diseases 

Many genetic disorders are caused by mutations at two or more loci. Conversely, 
similarities in the clinical presentation of two apparently distinct disorders may 
suggest that the different phenotypes represent allelic heterogeneity at a single 
locus (Suthers and Davies 1992). 

Genetic linkage studies in families with Duchenne and Becker muscular 
dystrophies lent support to the clinicians' notion that tlle two disorders are allelic 
(Kingston et al. 1984). Subsequent identification of mutations in the dystrophin 
gene have confirmed this view (Koenig et al. 1987; Hoffman et al. 1988). 

In autosomal recessive proximal spinal muscular atrophy (SMA), the 
anterior horn cells of the spinal cord are affected with consequent muscle 
weakness, but nothing is known of the pathogenesis (Suthers and Davies 1992). 
The patients usually present with one of the three forms of the disease. In the 
most severe type 1 (Werdnig- Hoffmann disease), the onset of symptoms is in 
the first six months of life; the child never sits, and death usually occurs by the 
age of 2 years. The intermediate type II has a later onset, but the affected child 
never walks unaided. In the comparatively mild type III (Kugelberg- Wellander 
disease), affected individuals maintain independent ambulation. The three types 
of SMA have been mapped to chromosome 5 (e.g., Brzustowicz et al. 1990). In 
carefully evaluated multiplex pedigrees there is no evidence of either incomplete 
penetrance or locus heterogeneity (Dubowitz 1991). Although the clinical features 
of SMA are usually consistent among the affected individuals in a pedigree, 
there are several reported pedigrees in which wide variation in the severity of 
muscle weakness was observed. In such cases other genetic or environmental 
factors must be responsible for the variability in phenotype. 

In a vast Azerbeidjanian pedigree of 399 members tllat could be traced to 
a single founder couple tllrough four consecutive generations and included 92 
persons affected witll Ehlers-Danlos syndrome (Prytkov et al. 1984; Blinnikova 1985), 
tllree types of the syndrome were actually observed and, in some cases, the type of 
tlle disease in tlle offspring was not tlle same as in his/her parents and ancestors 
(Fig. 2, Table 2). 
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Thus, heterogeneity of genetic diseases is in itself heterogeneous and may be 
caused by diverse genetic events, variable environmental influences, and the 
complicated interactions of the two. 

The same holds true, to an even greater extent, when common non
communicable diseases are considered. In a recent genome-wide search for human 
insulin-dependent diabetes mellitus susceptibility genes in 96 families (Davies et al. 
1994), in addition to IDDMI gene (in the major histocompatibility complex on 
chromosome 6p21) and IDDM2 (in the insulin gene region on chromosome nplS), 
linkages to chromosome llq (IDDM4) and 6q (IDDMS) were confirmed. The authors 
suggest a polygenic inheritance of the diabetes type 1 with a major locus at the 
major histocompatibility complex. 

Genes and Environment 

In this section the genome-environment interactions are exemplified by data on 
carcinogenesis mostly compiled from a review by Shields and Harris (1991). 

Fig. 2. A pedigree with Ehlers-Danlos-syndrom. (From Prytkov et al. 1984) 
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Table 2. Types of Ehlers-Danlos syndrome in 
parents and children from a pedigree. 
(From Blinnikova 1985) 

Children Parents 

II 

30 7 
II 
III 

12 

8 
9 
3 

III 

Carcinogenesis is a multistage process of normal growth, differentiation, 
and development gone awry. It is driven by spontaneous and carcinogen
induced genetic and epigenetic events. Figure 3 presents a simplified scheme. 

Tumor initiation involves the direct effects of carcinogenic agents on DNA, 
mutations, and altered gene expression. Tumor promotion further involves an 
"initiated" cellular clone that may also be affected by growth factors that control 
signal transduction. During this process, progressive phenotypic changes and 
genomic instability occur (aneuploidy, mutations, or gene amplification). These 
genetic changes enhance the probability of initiated cells transforming into 
a malignant neoplasm. Ultimately, tumor cells can disseminate through vessels, 
invading distant tissues and establishing metastatic colonies. In these stages 
specific roles are played by proto-oncogenes, tumor suppressor genes, mutations 
and other damage to DNA, repair of the latter, etc. 

In almost every step of the multistage process of carcinogenesis, person
to-person differences in cancer susceptibility can be found. Interindividual 
differences for particular traits can be acquired or inherited. Inheritance 
of the ability to metabolise debrisoquin sulfate, an antihypertensive medication, 
is correlated with the cancer risk. Another example is the aryl hydro
carbon hydroxylase enzyme involved in the metabolism of polycyclic aromatic 
hydrocarbons. Activity varies in lung tissue but can also be inducible on exposure 
to agents such as tobacco smoke. Induction is notably higher in patients 
with lung cancer than in non-cancer controls. 

The multiple stages of carcinogenesis are best exemplified by a model of 
human colorectal tumorigenesis (Fearon and Vogel stein 1990). In the early 
stages, and apparently more commonly in patients with familial polyposis, the 
loss or inactivation of a candidate tumor suppressor gene, MCC located on 
chromosome sq, is associated with cellular hyperproliferation. More advanced 
tumors involve oncogens and tumor suppressor genes not observed in early 
adenomas. These include Ki-ras mutations on chromosome 12, mutation of PS3 
tumor suppressor genes on chromosome 17, and a deletion of DCC, the putative 
tumor suppressor gene on chromosome 18q that may be involved in cell-to-cell 
adhesion and possibly metastasis. Thus, it appears that at least six genetic events 
occur in the development of colorectal carcinoma. 

Genetic damage from carcinogens depends on exposure, absorption, 
metabolism, DNA repair, etc., each of which can be affected by host factors. 
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Fig.3. Multistage process of carcinogenesis. (From Shields and Harris 1991) 

Clinical 
Cancer 

Exposures to polycyclic aromatic hydrocarbon (P AH) compounds are associated 
with an increased risk of lung and skin cancer. Industrial pollution, fossil fuels, 
and tobacco smoke account for the major environmental sources. Dietary 
exposures also occur, due to overcooked or charcoal-broiled meats. Carcino
genic P AHs are metabolised by cytochrome P-450 monooxygenases, and reactive 
epoxide intermediates readily form adducts in DNA (Dipple 1994). Adduct 
levels have been correlated with exposure in coke-oven workers, tobacco con
sumption, and urban versus rural residences, but decreases during vacation from 
occupational sources have been observed. 

Nitrosoamines and other nitrosocompounds are potential human carcino
gens. These compounds readily alkylate DNA and form adducts. Exposure can 
occur through endogenous formation of nitrosoamines or directly from dietary 
sources, cosmetics, drugs, tobacco smoke, and household commodities. 

Among the best studies potential dietary carcinogens are aflatoxins 
produced by Aspergillus flavus and Aspergillus parasiticus. These molds are 
contaminants of corn, peanuts, sorghum, and other agricultural products. 
Aflatoxin B 1 consumption has been linked to a mutation in the P53 tumor 
suppressor gene in hepatocellular carcinomas. 

Interactive effects of environmental agents and host factors have been 
observed (Haugen and Harris 1990), and some are presented in Table 3. 

Inheritance plays an important role in host susceptibility tb cancer. Family 
cancer syndromes can lead to up to a lOoo-fold increased risk of cancer. Host 
susceptibility can be manifested through inheritable interindividual differences 
in metabolism, DNA repair, genomic instability, or altered proto-oncogene or 
suppressor gene expression. 

The study of the cytochrome P-450 CYP2D6 enzyme is among the best 
examples of inheritable inter individual differences in metabolism. The extensive 
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Table 3. Interactive Effects of Carcinogen Exposure and Host Factors. (From Shields and 
Harris 1991) 

Type 

Chemical-host 

Physical-host 

Example" 

P AH and CYP2D6 
Tobacco smoke and CYP2D6 
Chemotherapy 

Asbestos and CYP2D6 
Sunlight and xeroderma pigmentosum 
Radiation and RB-deficient genotype 

Viral-host EBV and X-linked immunodeficiency 

Associated Tumor 

Lung 
Lung 
Leukemia 

Lung 
Skin 
Osteosarcoma 

syndrome Lymphoma 

aEBV -Epstein-Barr virus; CYP2D6-cytochrome P-450 CYP2D6 metabolic phenotype 
determined by debrisoquin sulfate administration and measurement of urinary 
metabolites; PAH-polycyclic aromatic hydrocarbon; RB-retinoblasoma. 

metabolic phenotype has been shown to have an interactive effect with 
occupational exposures to asbestos and P AHs. 

An investigation involving the metabolism of isoniazid, commonly used in 
the treatment of tuberculosis, led to the identification of acetylation phenotypes 
for the enzyme acetyl transferase. This enzyme, besides metabolising caffeine, 
also metabolises certain carcinogenic aromatic amines. The slow acetylation 
phenotype has been associated with increased risk of bladder cancer. In 
contrast, rapid acetylation is correlated with the risk of colon cancer. A cor
relation of aromatic amine adducts and acetylator phenotype in tobacco smokers 
highlights the relationship of acetylation and DNA damage. 

Conclusion 

Even the few selected examples discussed above leave no reasonable grounds to 
doubt that, in non-communicable diseases as a whole as well as in hereditary 
diseases, the resulting clinical manifestations are always due to an interaction of 
genotypic, organismal and environmental factors. The major point is not to 
prove this self-evident notion, but to elucidate the actual substances and 
processes that determine the onset, progression, variation, and curability of 
a given disease in a given patient. 
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