
The emergence and development of a blastoma,

whatever its origin, are underlain by mutational changes

in the cell genome leading to activation of protoonco�

genes. From the viewpoint of population genetics, onco�

genesis can be considered as a lethal somatic mutation.

However, these mutational changes are insufficient for

development of a tumor. A number of anti�oncogenic sys�

tems are to be deactivated, first of all the recently discov�

ered system of apoptotic cell death (N. V. Berezhkov,

1990).

The molecular system triggering apoptosis is known

to provide for the stability of the somatic cell genome of

the tissue of organisms due to activation of mechanisms

of programmed death of cellular elements in the case of a

considerable number of mutation�induced damages (E.

B. Vladimirskaya et al., 1997). The apoptosis system is

functionally associated with the oncogenesis system and

also with the systems of DNA repair, because it controls

the efficiency of the latter (I. I. Belushkina, S. E. Severin,

2001). Apoptotic death and malignization are only two

possible final results of the same cascade of genetic

changes (Fig. 2).

It should be noted that apoptosis is triggered if the

system of genetic damage repair is damaged (K. Yu.

Luk’yanova et al., 2000), and in this case one type of

repair (post�replication repair) is realized when two other

types (excision repair and photoreactivation) are insuffi�

cient, i.e., this system has a definite functional hierarchy.

Moreover, mutant cells are eliminated by various immune

mechanisms and other anti�mutagenic systems (responsi�

ble for elimination and recovery which overall have a

hierarchic organization and act on particular organic lev�

els (N. I. Goncharova, 1984; N. N. Il’inskikh et al.,

1992)). The functioning of all these systems results in the

regulation of mutation frequencies in the somatic and

generative cells and, consequently, the mutational burden

in the population. To demonstrate the functioning of this

system and the place of tumor growth in it, consider the

situation of a dramatic increase in the frequency of

“spontaneous” mutations induced in natural populations

by an increased mutagenic effect of environmental fac�

tors. These mutations can include a noticeable number of

lethal and sublethal alleles which, on flowing into the

population, can decompensate the genetic stability and

result in a dramatic decrease in the numbers of a species

and its biological regression (A. A. Korol’kov, V. P.

Petlenko, 1977; A. V. Yablokov, A. G. Yusufov, 1981)1.

It is known that unrestricted variability can very eas�

ily destroy the most sophisticated interactions inside

organic systems, from interactions of molecules inside

cells to those of individuals in populations and popula�

tions in biocenoses (A. I. Strukov et al., 1983). However,

this usually does not occur, because various mechanisms

exist which provide for the stability of the population’s

genetic structure.

If the number of damages is not very significant, they

are eliminated by excision or photorepair, or compensat�

ed by conversion to the heterozygous state and introduced

into the general genofond of a population as a source of

genetic variability and material for natural selection (on

the somatic cell level this process is expressed by poly�

ploidization (or amplification) with subsequent diminu�

tion of the defective chromatin). Mutations not eliminat�

ed by these mechanisms undergo the post�replication

repair, or the mutant cells are removed by mechanisms
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1 In this connection, experiments are demonstrative of the well�

known Russian geneticist A. S. Serebrovsky on the successful

use of lethal mutations to decrease the numbers of harmful

insect populations.
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unassociated with mutagenesis (differentiation of cells

with the defective genome (J. E. Evans, 1976, cited after

N. N. Il’inskikh et al., 1992)). If the abovementioned sys�

tems are functionally incompetent, a chain of genetic

changes is triggered which result in the apoptotic death of

the cells with the excess mutational burden. Special

mechanisms are known which control the efficiency of

DNA repair. If the repair mechanisms are insufficient

during genome replication, an enzymatic cascade is

switched on after the cell cycle has been arrested at the

G1/S stage and unrepaired damages of the genome have

been detected, and this results in internucleosomal degra�

dation of chromatin, i.e., apoptosis (K. Yu. Luk’yanova et

al., 2000). If this mechanism is also damaged (for

instance, the gene p53 mutates to the gene wt53), the cas�

cade will be terminated not by apoptosis but by activation

of protooncogenes and transformation of a normal cell

into a malignant one (Fig. 3).

Tumor progress will result in the death of an individ�

ual whose genome can be dangerous for the stability of

the population’s genofond because of serious damage.

Certainly, this mechanism is nonspecific, because it

reacts not to the quality of mutation�induced changes

(but only those which do not affect the “apoptosis−onco�

genesis” system links because they belong to definite

genes, and in this respect oncogenesis is specific), but to

the strength of the mutational effect of a carcinogenic

agent. This mechanism can be roughly likened to the fuse

filament, which is burnt away because of high voltage and

disables the fuse and, thus, saves the electric apparatus.

The oncogenesis systems are triggered probabilistically:

an increase in the mutation�inducing effect is accompa�

nied by an increase in the probability of damaging pro�

tooncogenes and genes triggering the apoptosis system

(first of all, p53) and, consequently, also in the probabili�

ty of mutations in the generative cells. Due to this proba�

bilistic dependence, the mutation frequency in the gener�

ative cells of individuals in the certain population is cor�

rected by mutations in the somatic cells (protoonco�

genes). This effect is very illustratively exemplified by

retinoblastomas emerging because of loss of gene RB

(including the generative cells) and also by tumors in per�

sons with the affected mechanisms of DNA repair, e.g.,

with xeroderma pigmentosum or chromosome instability.

The increase in the frequency of tumor neoplasms with

age is a similar phenomenon, and this frequency is rather

high in the age when the reproductive activity is still fully

retained, although its peak falls on old age in connection

Fig. 2. Simplified scheme of molecular mechanisms of activation

of apoptotic processes and malignant degeneration of the cell (E.

A. Kogan, 1996).

apoptosis
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Fig. 3. Scheme of oncosuppressor gene wt53 functioning in the case of DNA damage or on receiving a specific signal (N. T. Raikhlin, A. N.

Raikhlin, 2002).
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with accumulation of many mutational changes in the

genome. Data on the stepwise molecular changes during

carcinogenesis also indicate an important role of tumor

growth in the regulation of the mutagenesis intensity. The

number of mutations resulting in tumor development has

to be no less than two or three, but more often they are

five or six (P. D. Lawley, 1994). These are mutations of

protooncogenes, genes of tumor suppression, and mis�

match�repair genes (W. K. Cavanee, R. L. White, 1995).

Studies on the ratio between the DNA repair levels and

natural (“background”) mutagenesis have revealed that

the latter cannot supply more than two or three successive

mutations (L. A. Loeb, 1991; D. N. Cooper, M.

Krawczak, 1993). Thus, spontaneous mutagenesis cannot

provide the sufficient number of consecutive mutations

required for carcinogenesis. The role of such inducers

which, under certain conditions, increase the frequency

of mutations is played by special mutators. It is just their

activation that is the mechanism responsible for reaching

the necessary level of genetic instability of the gene cas�

cade, the damage of which leads to development of tumor

(L. A. Loeb, 1991). Hence, variability of the genes influ�

encing blastomogenesis is activated by the state of the cell

genome; therefore, damage to these genes cannot be con�

sidered only as a spontaneous and independent process.

Naturally, anti�mutagenic mechanisms in multicel�

lular animals are not limited only to apoptosis. The num�

ber of cells with the affected system of apoptosis and acti�

vated system of oncogenesis, which are potentially malig�

nant and constantly produced in humans, is rather signif�

icant (J. Folkman, 1974), but tumors are a relatively rare

phenomenon. This is due to the mechanisms of nonspe�

cific immunity, which eliminates the arising mutant cells

(macrophages, NK cells). Depression of the immune sys�

tem (in different immunodeficiencies) results in a dra�

matic increase in the number of neoplasms, i.e., throwing

out individuals with immunity defects through tumorige�

nesis. Thus, there is a certain hierarchy of eliminating

anti�mutagenic mechanisms which are causally interre�

lated and responsible for functioning on the definite level

of organization: 1) the molecular level, or DNA repair (A

is excision repair and photoreactivation, B is a post�repli�

cation repair); 2) the cellular level, or “endogenous”

apoptosis; 3) the tissue level, or the cell elimination

through immunocyte action; 4) the organism’s level, or

the individual’s death caused by tumor progress; 5) the

population’s level, or factors of natural phenotypic selec�

tion (Table 1).

From the foregoing text, it follows that oncogenesis

is causally related not only with mutagenesis, but also

with the functioning of anti�mutagenic systems that

results in restricting the role of blastomas to the regula�

tion of the mutation frequency in populations. Owing to

the lethal effect, the tumor progress removes from the

population the individuals who a priori possess more

severe damage to the reproductive cell genome. From this

standpoint, oncogenesis is only an eliminating link in the

hierarchical system responsible for regulation of the

mutational burden, which acts on the organism’s level.

The hierarchical character of this system should be once

more emphasized: the insufficient functioning of any of

its link compensates activities of the other levels. The

existence of such a system provides for the regulation of

mutation frequency in living beings on different organiza�

Organization level

Molecular

Cellular

Tissue

Organism

Population

elimination

“endogenous” apoptotic elimination
of mutant cells (activation of the p53 gene)

“exogenous” apoptotic elimination 
of a genetically deficient cell due to action 
of immunocytes (and, possibly, the adjacent
cells as well)

death of an individual with extreme defects 
of the genome as a consequence of neoplasm
development

effects of factors of natural phenotypic 
selection

repair

fusion of genetically aberrant cells 
or their polyploidization, amplification, 
and duplication of genome elements

differentiation of a genetically deficient cell
with the inhibited destroyed region of the
nuclear apparatus

_

conversion of mutant genes 
into the heterozygous state

Table 1. Structure of the hierarchical anti�mutagenic system (partially after N. N. Il’inskikh et al., 1992)

genome repair

1. excision repair of DNA and photoreactivation
2. post�replication DNA repair

Mechanisms providing for genetic homeostasis
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tional levels, also including populations, and, conse�

quently, mechanisms of evolution.

From the standpoint of this concept, the nonuni�

form distribution of tumors in phylogenetic series is

explained by the different contribution of oncogenesis to

the regulation of the genetic stability of a population: in

the individuals with a high frequency of spontaneous

blastomas, blastomogenesis plays a significant role in

these mechanisms.

This concept can be applied not only to chemical

and radiation�induced carcinogenesis, but also to viral

carcinogenesis, because viruses are mutagenic agents

capable of changing the population’s genofond (see above

notes about oncogenic viruses). The most frequent emer�

gence of tumors in old age does not deprive blastomoge�

nesis of adaptive significance. Obviously, the mutational

burden in young animals is markedly lower than in old

ones; therefore, extreme mechanisms of its regulation are

switched on considerably less often. An increased muta�

genic exposure is known to induce a significantly sharper

increase in blastoma frequency in young members of the

population, because just they are most sensitive to onco�

genic influences, and tumors in them are more malignant

(L. M. Shabad, 1970). Thus, this primarily removes the

objection that the tumor progress can eliminate only old

members of the population, who are unable for reproduc�

tion. This is especially demonstrative in invertebrates in

which the elimination of mutant genotypes by oncogene�

sis is doubtless: such are Morgan�Stark 1 tumors develop�

ing in drosophila larvae and killing male carriers of the

mutant genes before their turning to imago, and also sim�

ilar but less studied tumors in the lepidopterous Pigera

nigra (N. N. Petrov, 1947). Due to some specific features

of the development cycle of these organisms, the above�

mentioned adaptive function of tumor growth is displayed

in them more distinctly. Just this function connects the

tumor growth and fundamental properties of living mat�

ter, such as inheritance and variability, the interrelation of

which was supposed even by N. N. Petrov (1961). This

concept is also closely associated with the recent hypoth�

esis about phenoptosis, or the programmed death of the

whole organism (V. P. Skulachev, 1997, 1999), because

oncogenesis, similarly to “natural death”, is a mechanism

of elimination on the organism’s level.

To summarize, it can be concluded that tumor emer�

gence (conversion of protooncogenes into oncogenes) is a

mechanism of the hierarchical system regulating the

mutational burden in populations, which originated from

the ancient excesses of growth and asexual reproduction,

and functions on the organism’s level. And I think that

just this is the evolutionary significance of oncogenesis

and, consequently, the conversion of protooncogene to

oncogenes.
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