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ABSTRACT

Typically, mutations that cause cancer are divided
into mutations caused by hereditary factors and
those caused by environmental factors. Recently,
it has been hypothesized that there is a third
source of mutations; these mutations appear as a
result of random errors that occur during normal
replication of stem cell DNA. Based on this
hypothesis, it was concluded that the formation
of about 67% of all mutations is not caused
by exposure to any mutagens. In this paper,
investigation is conducted to determine which part
of mutations is due to the action of mutagens.
The mechanisms of the formation of targeted
base substitution mutations, targeted insertions,
targeted deletions and targeted complex mutations
are analyzed. The mechanisms of formation of
untargeted, targeted delayed and untargeted
delayed base substitution mutations are analyzed.
The analysis is based on polymerase-tautomeric
models for formation of wvarious types of
mutations. It was shown that all analyzed types of
mutations are caused by mutagens. It is concluded
that the prevention and treatment of cancer must
necessarily include the removal of these mutagens
from organisms. This will be the most effective,
safe and cheapest way to prevent and possibly
treat cancer.
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1. Introduction

1.1. The importance of mutations in tumor
formation

Mutations, errors of DNA text, which are inherited,
result in aging [1], genetic diseases [2] and cancer
[3, 4]. Over the past decade, comprehensive
sequencing efforts have revealed the genomic
landscapes of common forms of human cancer.
To date, these studies have revealed ~140 genes
that, when altered by intragenic mutations can
promote or “drive” tumorigenesis. A typical tumor
contains two to eight of these “driver gene”
mutations; the remaining mutations are passengers
that confer no selective growth advantage.
Mutation of the driver gene in physiological terms
is defined as a factor providing a selective
advantage in cell growth [5]. The development
of solid tumors usually requires five to eight
mutations in the driver genes [6]. The remaining
mutations are called passenger mutations; they do
not give a selective advantage in growth. The rest
of the mutations are called passenger mutations
and do not provide a selective growth advantage.
Typically, driver genes are responsible for
maintaining the genome [3, 4].

Somatic mutations (mutations in tissues) that
can cause tumor growth are detected in tumors.
In common tumors an average of 33 to 66 genes
displays subtle somatic mutations [7-10]. About
95% of these mutations are single base substitution
mutations, whereas other mutations are deletions
or insertions of one or a few bases [3]. Tumors in
children and leukemia contain an average of 9.6
point mutations per tumor cell [3]. Melanomas
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and lung tumors contain much more mutations,
about 200 mutations per tumor cell [11]. Tumor
cells with DNA repair defects may contain
thousands of mutations [12]. The frequency of
formation of point mutations in tumors is similar
to the frequency of mutations in normal cells [13].
In normal cells, the mutation rate in the genome
changes by more than 100 times [14]. In tumor
cells, differences in mutation rates in the genome
may be even higher [15].

Groups of investigators analyzed the coding
sequences of more than 20,000 genes from 24
advanced pancreatic adenocarcinomas [14] and
glioblastomas [15, 16]. From the initial discovery
screen, in the case of pancreatic cancer, more than
1327 genes were mutated in at least one sample
[14]. In the case of glioblastomas, more than
685 genes were mutated in at least one sample
[15, 16]. In primary lung adenocarcinomas, out of
623 cancer-related genes, more than half of genes
(356 genes) were mutated at least once [17]. Only
a few genes harbored point mutations, amplifications,
or deletions with reasonable high frequencies [14,
15, 17-20].

1.2. Cancer models

Currently, the somatic mutation theory is
generally accepted [21-26]. It has been confirmed
by genome analysis [3, 4, 22, 27, 28]. The
discovery of DNA as the genetic material and
the observation that cancerous changes are
transmitted from one generation of cells to the
next pointed to DNA as the critical target of
carcinogens [5]. According to the epigenetic
theory, hereditary changes in genes contribute
to carcinogenesis by increasing chromosomal
instability [29]. According to the chromosomal
theory, a carcinogen induces random aneuploidy
[30, 31]. Cancer stem-cell theory suggests that
carcinogens cause cancer by altering normal stem
cells [32, 33]. Under the tissue organization field
theory, cancer arises from disruption of tissue
microarchitecture [18, 19, 34]. A by-product of a
sufficiently long disruption of the morphostat
gradient is genetic instability. The authors of
this theory suggest that such a collapse is not
necessarily related to an effect of mutations
[18, 19, 34]. Genomic instability is a fundamental
process of almost all human cancers [4].

“The mutator hypothesis” suggests that genomic
instability present in precancerous cells acts as a
driving force for tumor development by gradually
elevating the rate of spontaneous mutation [35-
37]. The oncogene-induced DNA replication
stress model has been established and now is
widely accepted as a leading hypothesis for sporadic
cancer development [38-42].

“Oncogene-induced DNA replication stress model”
[38] is based on the hypothesis that activated
oncogenes induce genomic instability by causing
DNA replication stress and associated DSBs.
DNA replication stress happens when cell
replication is significantly promoted during
tumorigenesis, resulting in mutations in specific
genomic sites, which was described as “common
fragile sites” [43]. It is unclear how oncogene-
induced replication stress causes various genomic
instabilities particularly for tumor suppressor or
the oncogenic pathway itself [44, 45]. At present,
it is not possible to explain the instability of the
genome by mutations in auxiliary genes. Therefore,
it has not yet been possible to develop molecular
mechanisms behind human carcinogenesis [20,
46-50]. Mutation analyses [51, 52] support the
theory of “a few oncogenes induced genomic
instabilities” as a reasonable theory for underlying
mechanism of the development of sporadic cancer.

1.3. Cancer risk factors

Usually, mutations that arise from cancer are
classified into mutations caused by hereditary
factors and environmental factors. Risk factors
caused by environmental factors include ultraviolet
radiation, smoking, alcohol use, or human
papilloma virus [53]. Risk factors of cancer
include free radicals formed in the processes of
metabolism; free radicals are the main cause of
spontaneous mutagenesis [54]. In addition, they
include heavy metals and other chemicals that can
cause mutations and damage the DNA molecule.
Such substances were found in patients with
cardiovascular and cancer diseases [55]. It is
believed that 5-10% of cancers are caused by
hereditary diseases [56, 57].

Nearly 48 chemical agents were already known to
induce somatic-cell mutations [58]. The initiating
mutations of a tumor are present in each of
the cancerous cells comprising the tumor [59].
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Of 48 agents evaluated for induction of germ-cell
mutations in rodents, 39 of them are positive [60-
68]. The published rodent germ-cell mutagens
include ionizing radiation; cancer chemotherapy
agents; food components (acrylamide); environmental
contaminants (benzo[a]pyrene); and common
complex mixtures to which nearly everyone is
exposed, such as main- and side-stream tobacco
smoke, diesel exhaust, and the particulate fraction
of air pollution [69-72]. Compounds capable of
alkylating DNA cause germ cell mutations and
subsequent mutations in the offspring of exposed
males [73]. It is demonstrated that de novo mutations
underlie many diseases such as schizophrenia,
autism, epilepsy, and intellectual disability [74-
77]. DeMarini [78] showed that different
mutagens induce the same primary class of base
substitution mutations, insertions and deletions
in most organisms, thus reflecting the conserved
nature of DNA replication and repair processes.
They lead to aging, cancer, hereditary diseases,
diabetes, and other chronic diseases [1-4, 72].

The authors of ref. [79] suggested that the fact
that some tissues cause cancer in humans much
more often than other tissues [80] can be
explained by the number of stem cell divisions. It
turned out that the average life expectancy of
patients with various types of cancer is strongly
correlated with the estimated number of normal
stem cell divisions in the corresponding tissues,
that occur throughout the patient’s life [79]. On
this basis, the authors of ref. [79] hypothesized
that random errors arising from DNA replication
in normal stem cells are the main factor
contributing to the development of cancer. In
other words, they suggested that there is a third
source of mutations; these mutations appear as a
result of random errors that occur during normal
DNA replication. In other words, according to the
cancer risk model [79], the formation of about
67% of all mutations is not caused by exposure
to any mutagens. The authors conclude that no
cancer prevention measures can affect this part of
mutagenesis [79].

However, there are facts that contradict this
hypothesis. Experiments show that with the
combined action of psoralen and irradiation of a
DNA molecule with ultraviolet light, 90% of all
mutations are untargeted delayed base substitution

mutations [81]. A polymerase-tautomeric model
for untargeted delayed base substitution mutations
formation shows [82] that all these mutations are
formed opposite DNA bases in rare tautomeric
forms and only when there are many other DNA
damages in small neighborhoods from these
bases. On this basis, it was concluded that the
hypothesis that in 67% of cases the risk of
malignant tumors is due to random mutations that
occur during normal DNA replication [79] is
erroneous.

Therefore, it is currently relevant and of great
practical importance to study the question of what
contribution various factors provide to the
probability of cancer risk. In order to solve this
problem, it is necessary to analyze the formation
mechanisms of all types of mutations. First of all,
it is necessary to compare the currently existing
models of mutagenesis.

2. Features of the formation of mutations

2.1. Types of mutations

The mutations which occur at the same position as
the photoproduct are targeted [83, 84]. Cyclobutane
pyrimidine dimers and (6-4) photoproducts cause
targeted substitution mutations (transitions and
transversions) [85, 86], targeted deletions and
targeted insertions [87], targeted complex frameshift
mutations [88]. Sometimes mutations are formed
in the vicinity of damage, a process that is termed
untargeted mutagenesis [89]. In the case of
ultraviolet mutagenesis, untargeted mutations
appear in a small vicinity of photodimers [89].
Untargeted base substitution mutations, untargeted
insertions, and untargeted deletions can occur
[90, 91].

The conventional view of radiation mutagenesis is
that radiation induces most mutations in cells
shortly after irradiation [92]. Delayed mutations
are mutations that occur in the progeny of the
irradiated cell after many generations of cell
division [93]. The delayed mutations are usually
point mutations and more than half of them are
base substitution mutations [94]. Delayed mutations
can form opposite to lesions that can stop DNA
synthesis. Accordingly, delayed targeted mutations
can be formed [81]. Targeted delayed base
substitution mutations, targeted delayed insertions,
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and targeted delayed deletions can be formed [95].
Delayed mutations can form in so-called undamaged
DNA sites. Accordingly, untargeted delayed
mutations can be formed [81]. Untargeted delayed
base substitution mutations, untargeted delayed
insertions, and untargeted delayed deletions can
be formed [95]. Mutations occur during error-
prone and SOS replication, repair or transcription
[96-99]. Targeted, untargeted and targeted
delayed and untargeted delayed mutations can
significantly contribute to genomic instability,
cancer and genetic diseases [100, 101].

2.2. Features of DNA synthesis, which can lead to
mutations

As a rule, DNA synthesis is a highly accurate
process. If during DNA synthesis an error-free
DNA polymerase, such as DNA polymerase II1
E coli or DNA polymerase & of mammals,
encounters DNA damage such as a pyrimidine
cyclobutane dimer, the synthesis will stop, a gap
will form opposite the dimer, which can later be
fixed by repair. If there are lesions that can stop
DNA synthesis, such as pyrimidine cyclobutane
dimers, then SOS or an error-prone system is
induced. DNA synthesis begins to happen in a
new way. The so-called translesion synthesis
begins to act. Specialized DNA polymerases that
are capable of incorporating bases opposite to
cyclobutane pyrimidine dimers are involved in
translesion synthesis [102]. Replication on the
damaged DNA template, however, leads to
mutations.

If an erroneous base is inserted during the
replication process, it is usually removed by 3'—
5" exonuclease activity [103, 104]. In addition, the
sliding clamp mechanism may be activated;
sliding clamp presses the DNA polymerase onto
the matrix and prevents the removal of the “wrong
base”. As a result, mutations may appear. Mutations
are always formed during DNA synthesis in
processes prone to errors or SOS replication,
repair, or transcription [96-99].

3. Early models for mutagenesis

The entire genetic program for the development,
functioning, growth and reproduction of all
organisms is written in the DNA molecule. Both
strands of double-stranded DNA store the same

biological information. This information is written
using four letters. The role of letters is played by
molecules called DNA bases. The canonical bases
of DNA include guanine, cytosine, adenine and
thymine. In a DNA double helix, bases on one
strand form hydrogen bonds with bases on the
other strand. Adenine binds only to thymine,
and cytosine only to guanine. This is called
complementary base pairing or Watson-Crick
base pairs. This is the basis of accurate DNA
synthesis [1].

In 1953, Watson and Crick proposed a DNA
double helix structure model and suggested that
spontaneous mutagenesis may be caused by the
ability of DNA bases to be in rare tautomeric
forms. Bases in rare tautomeric forms are DNA
bases to which one or more hydrogen atoms have
been added or which have lost one or more
hydrogen atoms. Watson and Crick suggested that
DNA bases can change their tautomeric state due
to interactions with water molecules [105].

Currently, the polymerase model of mutagenesis
is generally accepted. The polymerase model is
based on the idea that the cause of mutations is
random DNA polymerase errors. It is assumed
that polymerases are inserted opposite damage
(for example, cyclobutane pyrimidine dimers) to
non-complementary bases [106]. In other words,
it is believed that DNA polymerases incorporate
such canonical bases opposite matrix bases that
cannot form hydrogen bonds with the matrix
bases.

It is assumed that deamination of cytosine is the
main cause of the formation of base substitution
mutations. One hypothesis is that UV-induced
mutations occur only after deamination of the
cytosine or 5-methylcytosine within the pyrimidine
dimer [107].

Untargeted mutations are mutations that appear
on the so-called undamaged sites of DNA. In
recent decades untargeted and untargeted delayed
mutations are considered exclusively in terms of
bystander effects [108]. Bystander effects are
defined as the induction of cellular damage in
unirradiated cells, induced by irradiated cells in
the surrounding area [108].

The conventional view of radiation mutagenesis
is that radiation induces most mutations in cells
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shortly after irradiation. Radiation, including
ionizing radiation such X-rays and charged
particles (heavy ion radiation), as well as
nonionizing radiation (UV light) and the DNA
alkylating agent ethyl methane sulphonate,
chemotherapeutic drugs, and photodynamic
treatment induce genome instability many cell
generations after the exposure. These delayed
effects are observed after high (1-10 Gy) and very
low (0.01-0.1 Gy) doses of ionizing radiation
[92].

Experimental data suggest a specific, and perhaps
unique, role for radiation-induced genome
instability as a critical early event associated with
initiation of the carcinogenic process. In other
words, radiation-induced genome instability is a
critical early event in the multi-step sequence
leading to radiation-induced cancer [100].
Radiation-induced genome instability  and
radiation-induced bystander effects have been
described in ref. [93]. Radiation-induced genome
instability refers to biological effects that occur in
the descendants of irradiated cells through many
generations of cell division. Delayed mutations
are mutations that occur in the progeny of the
irradiated cells after many generations of cell
division. Thus, at present the mechanism of
delayed mutation formation and genome instability
is not clear [93].

4. Polymerase-tautomeric models for
mutagenesis

The polymerase-tautomeric models for targeted
ultraviolet mutagenesis [109-120], radiation-
induced bystander effects [117-120, 121-125],
radiation-induced genomic instability [115, 117-
120, 125-127] and A-rule [128] have been
proposed. A mechanism for the formation of rare
tautomeric forms of DNA bases [128-130] is
proposed and it has been shown that the formation
of five rare tautomeric forms of thymine and
adenine [129, 130] and seven of guanine and
cytosine [115, 131] is possible. Mechanisms for
the formation of targeted base substitution
mutations [123, 132], targeted insertions [110,
111], targeted deletions [112, 113], targeted
delayed base substitution mutations [115, 126,
127] and targeted complex insertions [114] under
error-prone and SOS synthesis of DNA containing

cis-syn cyclobutane pyrimidine dimers have been
developed. In addition, a mechanism for
formation of the hot and cold spots of ultraviolet
mutagenesis has been proposed [133].

Mechanisms for the formation of untargeted base
substitution mutations [118, 121, 122, 124] and
untargeted insertions [125] have been developed.
Their source is DNA bases in certain rare
tautomeric forms located in small neighborhoods
of cyclobutane dimers [123]. A detailed
substantiation of the polymerase-tautomeric
models of radiation-induced bystander effects is
given in ref. [124]. A mechanism for the
formation of targeted delayed base substitution
mutations caused by cis-syn cyclobutane thymine
dimers [115, 118, 126] and cytosine dimers [127]
have been developed. A mechanism for the
formation of untargeted delayed base substitution
mutations [82] has been developed. It has been
shown [82] that the conclusions drawn from the
cancer risk model [79] that 67% of all mutations
are not caused by exposure to any mutagens are
erroneous. This is true, at least with respect to
untargeted delayed base substitution mutations
[82].

Polymerase-tautomeric models for targeted
ultraviolet mutagenesis, radiation-induced bystander
effects and radiation-induced genomic instability
[82, 109-133], are based on the idea by Watson
and Crick [105] that one of the causes of
mutagenesis is the ability of DNA bases to exist
in various tautomeric forms. Experimental studies
in which noncanonical base pairs of guanine —
thymine [134] and cytosine — adenine [135] with
one of the bases in rare tautomeric forms were
found in the active centers of DNA polymerases
unambiguously demonstrate that tautomeric base
pairs can form in active sites of polymerase [134,
135]. This provides strong support for the ideas
of Watson and Crick [105] and the polymerase-
tautomeric models for mutagenesis [109-130]
through direct structural evidence [134, 135].

5. Analysis of the mechanisms of the formation
of targeted mutations

Targeted mutations are mutations that are formed
opposite to damage that can stop DNA synthesis
[85, 86]. Such damage is always caused by radiation,
ultraviolet radiation, free radicals, other chemicals or
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other external influences. Therefore, the question of
whether the source of the targeted mutations is the
effect of mutagens or some other reason never arose.
Nevertheless, in order to compare the details and
extent of the effect of mutagens on DNA during the
formation of targeted mutations on the one hand and
untargeted and delayed mutations on the other hand,
it is useful to analyze the details of the mechanisms
of the formation of targeted mutations.

5.1. Analysis of the mechanisms of the formation
of targeted base substitution mutations

Base substitution mutations are called mutations
when one base is replaced by another [85, 86].
Targeted base substitution mutations are formed
opposite to lesions that can stop DNA synthesis
[136].

The rare T*,, T*, and T*s thymine tautomers
cannot form hydrogen bonds with canonical
tautomers of adenine for steric reasons [109]. The
structural analysis indicates that the C;*, C,*, Cs*
and C*¢ cytosine tautomers cannot form hydrogen
bonds with canonical tautomers of guanine for
steric reasons [116]. But canonical tautomeric
forms of other DNA bases can be incorporated
opposite T*,, T*,, T*s5, C;*, C,*, Cs* and C*;. As a
result, cyclobutane dimers with bases in rare
tautomeric forms C*, C,*, Cs* and C*,, T*,, T*,
and T*s will lead to targeted base substitution
mutations [109, 116, 129].

5.2. Analysis of the mechanisms of formation of
targeted insertions and targeted deletions

Insertions are the structural DNA changes
wherein one DNA strand becomes longer than the
other as a result of an insertion of a number of
nucleotides [137]. Insertions may be targeted and
untargeted types [138]. Frameshift mutations
often account for approximately one-third of all
mutations [139]. Frameshift mutations most
commonly arise in DNA sites with a homogenous
nucleotide composition, such as monotonous runs
of G-C or A-T pairs or sequences with alternating
A-T and T-A pairs. Now it is still unclear
how frameshift mutations arise at cyclobutane
pyrimidine dimers. The Streisinger model [140]
is now the best-grounded model of frameshift
mutations [141-145] suggesting gaps and DNA
strand slippage during synthesis as the causes of
mutations.

Structural analysis of the incorporation of
canonical DNA bases opposite the cis-syn
cyclobutane thymine dimer TT,* [112] and cis-
syn cyclobutane cytosine dimers CC3* and CC7*
[110] showed that it is impossible to insert any
canonical base opposite them so that hydrogen
bonds are formed between the C3* or C;* or T,*
bases and the canonical DNA bases. A one-
nucleotide gap arises opposite to a Cis-syn
cyclobutane dimer TT,* as a result of translesion
synthesis driven by modified E. coli DNA
polymerase III or mammalian DNA polymerase &
or € or specialized (mammalian Pol n or Pol {
or E. coli DNA polymerase IV or V) DNA
polymerases. As was demonstrated experimentally,
such a gap arises during DNA synthesis when the
template contains an abasic site, leading to a one-
nucleotide deletion [144]. The site in a nascent
DNA strand may be lost because a bend forms in
the site containing cyclobutane pyrimidine dimers
and the hydrogen bonds between the bases are
broken [146, 147]. A DNA site containing the Cis-
syn cyclobutane dimers TT,*, may form a loop.
The resulting smaller gap is usually filled in by
constitutive DNA polymerases, leading to the
precipitation of several bases (deletion formation)
[112].

In particular, cis-syn cyclobutane pyrimidine
dimers, one or both bases of which are in such
rare tautomeric forms that cannot form hydrogen
bonds with canonical DNA bases, are the source
of insertions or deletions [110-112, 115].

5.3. Analysis of the mechanisms of the formation
of targeted complex mutations

Complex frameshifts are frameshifts with an
adjacent base substitution [78, 148, 149]. If
targeted complex mutations are formed, then they
are caused by several DNA damage, such as
cyclobutane pyrimidine dimers. At least one
lesion must contain T,*, C3* or C;* bases that
may lead to insertions or deletions, and one or
more lesions must contain bases in rare tautomeric
forms C*, C,*, Cs* and C*q, T*,, T*; and T%;
which can lead to base substitution mutations [114].

6. Analysis of the mechanisms of the formation
of untargeted mutations

If DNA bases in rare tautomeric forms are formed
in small (3-5 bases) neighborhoods of cyclobutane
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dimers, then these rare tautomeric states will be
stable. They are preserved due to the fact that
the DNA strand is bent opposite to cyclobutane
dimers, as a result of which hydrogen bonds are
lengthened or even broken [146, 147]. When
prone to errors or SOS DNA synthesis, they can
lead to untargeted mutations. Bases in rare
tautomeric forms that are near to lesions such as
cyclobutane dimers can lead to untargeted mutations.
A detailed substantiation of the mechanism of
formation of untargeted base substitution mutations
is presented in ref. [124].

Let us consider a site of DNA, on which there are
adenine-thymine base pairs in rare tautomeric
forms in a small neighborhood of canonical
cyclobutane thymine dimers. These sites are
synthesized as a result of error-prone or SOS
synthesis. Structural analysis indicates that
canonical tautomeric forms of thymine cannot be
incorporated opposite A;*. But canonical
tautomeric forms of cytosine or adenine can be
incorporated opposite A;*. Rare A;* tautomer
of adenine may result in untargeted transition
A-T—>G-C or untargeted homologous transversion
A-T—T-A [122, 124]. A molecule of thymine can
be inserted opposite A,* and As* [122, 124]; a
molecule of adenine can be inserted opposite T3*
[126]; it is likely they will not result in mutations.
The rare As*, As* [122, 124] and T,* [112]
tautomers do not form hydrogen bonds with any
canonical tautomers of DNA bases. So they
cannot result in the base substitution mutations.

Let the DNA bases in rare tautomeric forms be
formed in a small vicinity of cyclobutane dimers.
Rare T,* tautomer of thymine may result in
A-T—G-C untargeted transition or A-T—>T-A
untargeted homologous transversion [122, 124].
Molecules of the thymine in rare tautomeric form
T,* may result in transversion A-T—C-G only
[122, 124]. Rare Ts* tautomer can result in
transversion A-T—C-G or homologous transversions
A-T-T-A[122, 124].

The term untargeted mutations suggest that these
mutations are formed on undamaged DNA sites.
This is not true, as has been shown. It has been
shown that untargeted mutations are mutations
appearing on DNA damages unable to stop the
synthesis of DNA. The hypothesis that untargeted

mutations are formed on undamaged DNA sites
was tested by biological methods only. Firmly
established facts show that the so-called
untargeted mutations appear on DNA sites, in
which, using biological methods, no DNA
damages were found. This does not mean that
using other methods such as thermally stimulated
luminescence, such DNA damages cannot be
found. The nature of untargeted base substitution
mutations cannot be explained in terms of
radiation-induced bystander effects. However, this
problem is easily solved within the framework of
polymerase-tautomeric models. They are easily
and naturally explained by polymerase-tautomeric
models [122, 124].

Thus, we see that, firstly, untargeted mutations are
formed as a result of the action of mutagens.
Secondly, if untargeted mutations are formed, this
means that either the tautomeric states in the DNA
bases included in cyclobutane dimers have
changed, or DNA bases in rare tautomeric forms
have formed in small neighborhoods from
cyclobutane dimers. And thirdly, in addition to
these DNA damage, other damage is likely to
have formed that can stop DNA synthesis and
lead to the induction of an error-prone or SOS
system.

7. Analysis of the mechanisms of formation of
targeted delayed mutations

A polymerase-tautomeric model for radiation
induced genomic instability: targeted delayed
base substitution mutations during error-prone
and SOS synthesis of double-stranded DNA,
containing Cis-syn cyclobutane cytosine [127] and
thymine [126] dimers have been proposed. In
order to determine which of the canonical bases
will be inserted by the SOS-modified DNA-
polymerase opposite cis-syn TT;* cyclobutane
thymine dimers and the cis-Syn cyclobutane
cytosine dimer CC4*, consider the constraints on
the formation of hydrogen bonds between the
bases of the template DNA and the inserted bases.
During SOS synthesis of DNA containing dimers,
nucleotide bases are inserted opposite the dimers
without the removal of the dimer-containing sites.
This is only possible when the DNA-polymerase
is pressed on the DNA by the “sliding clamp”,
obstructing the operation of exonucleases, or
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when the synthesis involves specialized DNA
polymerases, such as E. coli polymerase V or IV,
or when the specialized DNA-polymerase is
pressed on the DNA by the “sliding clamp”.

The rare T;* thymine tautomer is capable of
forming one H-bond with canonical adenine. But
T;* can form two H-bonds with canonical guanine
and one H-bond with canonical cytosine and one
H-bond with canonical thymine [126]. The rare C4*
cytosine tautomer is capable of forming two
hydrogen bonds with canonical guanine. But Cg*
can form one hydrogen bond with canonical
adenine, one hydrogen bond with canonical cytosine
and one H-bond with canonical thymine [127].

Consider a DNA site with a cis-syn TTs*
cyclobutane thymine dimer and a cis-syn CC,*
cyclobutane cytosine dimer. Suppose that other
cyclobutane pyrimidine dimmers have formed,
then they are quite far from cis-syn TT;*
cyclobutane thymine dimer and a cis-syn CC,*
cyclobutane cytosine dimer. Since the damage is
only one, the synthesis through the damage will
go quite quickly and with high accuracy. For
example, the synthesis will be carried out using
Pol IIT DNA polymerase of Escherichia coli or
eukaryotic DNA polymerase o. If a wrong
nucleotide is inserted opposite the cis-sin
cyclobutane thymine dimer TTs* or the cis-syn
CC,* cyclobutane cytosine dimer, the erroneous
nucleotides can be removed by 3'—55'-
exonucleases. Therefore, there is a high
probability that adenine will be inserted opposite
thymine Ts* and guanine opposite cytosine C,*.
In this case the strand of DNA, containing Cis-Sin
cyclobutane thymine dimers TTs* or cis-syn CC,*
cyclobutane cytosine dimers, does not result in
mutations. So many cycles of DNA replication
can continue.

However, if further DNA synthesis will involve
DNA polymerases having a low fidelity of
synthesis, there may be base substitution
mutations. Moreover, they may be formed
through many cycles of replication after DNA has
been damaged. Consequently, these are the
delayed mutations. Cis-syn cyclobutane thymine
dimers TT3;* may result in targeted delayed
transitions ~ T-A—>C-G,  targeted  delayed
transversions T-A—G-C and T-A—>A-T [126].

Cis-syn cyclobutane CC,* cytosine dimers may
result in targeted delayed C-G—T-A transition,
G-C—>T-A  transversion and  homologous
C-G—G-C transversion [127].

Opposite canonical thymine only cytosine can be
incorporated. Canonical cis-syn cyclobutane
thymine dimers TT may result in only targeted
delayed transversions T-A—G-C [126]. Canonical
tautomeric form of thymine may be formed
opposite canonic tautomeric form of cytosine.
Canonical cis-syn cyclobutane cytosine dimers
CC may result in only targeted delayed
transversions C-G—A-T [127].

Whether a delayed mutation will appear or not
depends entirely on the presence or absence of
other DNA damages near this damage. If there are
no other DNA lesions or there are very few of
them, then translesion synthesis will go quite
accurately and mutations are not formed. If other
lesions, capable of stopping the synthesis of DNA,
are located next to the cis-syn cyclobutane
cytosine dimer CC4* or the cis-syn cyclobutane
thymine dimers TTz* then the synthesis will
involve other specialized DNA polymerases with
a lower accuracy of synthesis. As a result,
transitions may appear. If there are a lot of
damages, capable of stopping the synthesis of
DNA, located next to the cis-syn cyclobutane
cytosine dimer CCg* or CC, the cis-syn
cyclobutane thymine dimers TTs;* or TT then
the synthesis will involve specialized DNA
polymerases with very low synthesis accuracy; in
addition, their accuracy can be further reduced by
the operation of the sliding clamp. The cis-Syn
cyclobutane cytosine dimers CC,* or TT;* can
result in targeted delayed T-A—G-C transversions
and delayed homologous T-A—A-T transversions
only when there are many other lesions not far
from them that can stop DNA synthesis. But the
canonical Cis-syn cyclobutane cytosine dimer CC
can result in the targeted delayed transversion
of C-G—>A-T only [127]. Canonical cis-syn
cyclobutane thymine dimers TT may result in
only targeted delayed transversions T-A—>G-C
[126]. New lesions may appear sometime after
dimer formation. Only then will the conditions
described above arise. And the cis-syn
cyclobutane CCy*, TT3*, TT or CC pyrimidine
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dimers can result in mutations through many
cycles of replication after DNA has been
damaged. Consequently, delayed mutations only
occur when a lot of DNA damage is produced by
the mutagens.

8. Analysis of the mechanisms of the formation
of untargeted delayed mutations

Untargeted delayed mutations are mutations that
can appear after several cycles of replication after
exposure to the mutagen on the so-called not
damaged DNA sites. In ref. [82], a polymerase-
tautomeric model was proposed for a mechanism
of the formation of untargeted delayed base
substitution mutations caused by thymine and
adenine molecules. Let’s consider an error-prone
and SOS synthesis of a DNA site, one strand of
which contains one canonical Cis-syn cyclobutane
thymine dimer TT, and in the small vicinity of it
there is thymine in the T3* rare tautomeric form,
adenine molecules in A,* and A,* rare tautomeric
forms, as well as canonical thymine and canonical
adenine. As the structural analysis of base
insertion shows, adenine can be incorporated
opposite thymine Ts*, but cytosine, thymine or
guanine may be inserted opposite thymine T;*.
Opposite adenine in rare tautomeric form of A,*,
thymine can be incorporated, but guanine or
adenine may be inserted. Opposite adenine A,*
thymine can be incorporated, but guanine may be
inserted.

If next to thymine Ts*, adenine A,* or As* there
are no other DNA damages or there are a few of
them, then synthesis through the damage will
proceed quite accurately and mutations will not
form.

If in the small neighborhood of the thymine in the
rare tautomeric form T;* or the adenine in the
rare tautomeric form A,* or A,* there are other
damages that can stop DNA synthesis, then the
synthesis will be carried out using specialized
DNA polymerases with low synthesis accuracy.
DNA synthesis can also occur with the help of
constitutive DNA polymerases, provided that they
are pressed with a sliding clamp. As a result, the
thymine in the rare tautomeric form T3* can cause
untargeted delayed T-A—C-G transition, and the
adenine molecules A,* or A4* will not lead to a
mutation [82].

If in the small neighborhood of the thymine in the
rare tautomeric form T3* or the adenine in the rare
tautomeric form A,* or A,*, specialized DNA
polymerases with very low accuracy of synthesis
will be involved in the synthesis through damage.
Moreover, their accuracy may be reduced by
the operation of a sliding clamp. In this case,
the thymine in the rare tautomeric form T3* can
cause T-A—C-G untargeted delayed transition,
and can lead to T-A—G-C untargeted delayed
transversion or T-A—A-T untargeted delayed
homologous transversion. The adenine in the rare
tautomeric form of A,* can lead to the formation
of untargeted delayed A-T—C-G transversion
and untargeted delayed A-T—T-A homologous
transversion. The adenine A4* can lead to the
formation of untargeted delayed A-T—C-G
transversion [82].

The thymine in canonical tautomeric form can
lead to untargeted delayed T-A—G-C transversion
only, and the adenine in canonical tautomeric
form can lead to untargeted delayed A-T—C-G
transversion only [82].

It is concluded that thymine in the T;* rare
tautomeric form, which can form hydrogen bonds
with both adenine and other canonical DNA
bases, can be the source of untargeted delayed
base substitution mutations. In addition, adenine
molecules in the rare tautomeric forms A,* and
As*, which can form hydrogen bonds with
thymine and other canonical DNA bases, can
also be a source of untargeted delayed base
substitution mutations. In addition, thymine and
adenine in canonical tautomeric forms can also
lead to untargeted delayed base substitution
mutations. Whether or not untargeted delayed
base substitution mutation appears, is completely
dependent on the neighboring environment. Not
all of these damages must be mutagenic. If these
lesions are able to stop DNA synthesis, then, they
can lead to synthesis through damage, cause DNA
polymerase with low synthesis accuracy and,
therefore, contribute to mutagenesis.

As shown earlier, the formation of five rare
tautomeric forms of thymines or adenines is
possible. If they are located in a small vicinity
of the cyclobutane pyrimidine dimer or other
damage causing the DNA strand to bend, then
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these rare tautomeric states will be stable. Each of
these bases in rare tautomeric forms can lead to
certain types of untargeted mutations. Thus,
thymine T *, T4* and Ts* and adenine in the rare
tautomeric form A;* can cause only untargeted
base substitution mutations [109]. Thymine T,*
can lead to untargeted frameshift mutations only,
for example, to untargeted insertions [120].
Thymine in the T;* rare tautomeric form can
cause untargeted delayed base substitution
mutations only. The thymine in the T;* rare
tautomeric form can cause T-A—C-G untargeted
delayed transition, T-A—G-C untargeted delayed
transversion or T-A—A-T untargeted delayed
homologous transversion. The adenine in the A,*
rare tautomeric form can lead to the formation
of untargeted delayed A-T—C-G transversion
and untargeted delayed A-T—T-A homologous
transversion. The adenine in the A4* rare
tautomeric form can lead to the untargeted
delayed A-T—C-G transversion [82].

If there is even more damage on a DNA site, then
even canonical bases can lead to untargeted
delayed base substitution mutations. The
canonical thymine can lead to untargeted delayed
T-A—G-C transversion only, and the adenine in
canonical tautomeric form can lead to untargeted
delayed A-T—C-G transversion only. The
canonical cytosine can lead to untargeted delayed
C-G—>A-T transversion, and the guanine in
canonical tautomeric form can lead to untargeted
delayed G-C—T-A transversion.

The source of untargeted delayed base
substitution mutations is thymine in the T3* rare
tautomeric form and adenine in the A,* and As*
rare tautomeric forms. But even if such DNA
damage appears, in most cases they will not lead
to the appearance of mutations. In order for
untargeted delayed mutations to form, it is
necessary that there be other DNA damage.
Opposite some lesions, the DNA strand must be
bent, while other lesions should be able to stop
DNA synthesis.

Since, under the combined action of 8-methoxy-
psoralen and long-wave ultraviolet light, about
90% of the induced mutations were untargeted
delayed mutations [81]; in this case, with the
onset of cancer, at least 90% of the mutations

were formed as a result of DNA damage. Long-
wave ultraviolet caused the appearance of bases in
rare tautomeric forms, and 8-methoxy-psoralen
led to a curvature of the DNA strand and, as a
result, stabilization of these rare tautomeric forms
of DNA bases. In addition, 8-methoxy-psoralen
led to induction of error-prone or SOS system.

Therefore, the conclusion drawn from the cancer
risk model [79] that the formation of about 67%
of all mutations is not caused by exposure to any
mutagens, but is the result of normal replication,
is erroneous. As we can see from the example of
the formation of untargeted delayed mutations, all
these mutations can appear during the induction of
error prone or SOS systems only. Moreover, the
synthesis should take place with the involvement
of specialized DNA polymerases and even the
work of a sliding clamp. This is only possible
when the synthesis of DNA containing a lot of
damage occurs. It contradicts experimental facts.
Naturally, the conclusion of the cancer risk model
[79] that no cancer prevention methods can
prevent 67% of all mutations is certainly wrong.

The strategy is pretty obvious. It is necessary to
find out in what form heavy metals and other
substances that we received with air, water and
food are. A method must be developed for their
removal. As soon as we reduce the mutagenic and
damaging load on DNA molecules, it is quite
possible the body will cope with the tumor.
Maybe, you need help to ensure that all body
systems work. A deeper understanding of the
mechanisms of mutation formation, and,
consequently, a deeper understanding of the
mechanisms of cancer formation, will allow us to
develop more effective methods for the prevention
and treatment of cancer.

Thus, we see that untargeted delayed mutations
are generated by mutagens. Untargeted delayed
mutations can only be formed when -certain
conditions are met. First, rare tautomeric forms
T3* of thymine and rare tautomeric forms A,*
and A4* of adenine for thymines and adenines
should be formed. Moreover, such bases in rare
tautomeric forms, as a rule, should be located in
the near vicinity of damages that bend the DNA
strand, such as cyclobutane dimers. Second, a lot
of damage must necessarily be formed, leading to
the induction of an error-prone or SOS system
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so that synthesis occurs with the involvement of
specialized DNA polymerases, and even with the
involvement of a sliding clamp. These conditions
can be realized only under the influence of a large
number of mutagens.

9. Analysis of large-scale mutations

Large-scale mutations are called mutations when
changes occur at the chromosome level. Large-
scale mutations include gene duplications,
deletions and insertions of large chromosomal
regions, large scale changes to the structure of
chromosomes and other damage to the structure of
chromosomes. The sources of such damage to the
DNA molecule associated with damage to the
chromosome, when breaks in the sugar-phosphate
backbones occur, are undoubtedly mutagens. Here
it is enough to take into account the law of
conservation of energy.

10. Conclusion

Under certain conditions, mutations can result in
cancer [3, 4]. It turned out that somatic mutations
(mutations in tissues) can lead to cancer. The
mutation frequency changes tens of times even in
normal cells [14]; in tumor cells the mutation
frequency changes hundreds of times [15].
Genome analysis shows [3, 4, 22, 27, 28] that
somatic mutations are the main cause of cancer
[21-26].

At present, it is not entirely clear what factors lead
to mutations. It is believed that about 10% of
cancers are caused by hereditary diseases [56, 57].
Until recently, it was assumed that most mutations
are caused by environmental factors. Recently, the
cancer risk model was proposed [79], in which it
was concluded that the formation of about 67% of
all mutations occurs in normal cells during normal
DNA replication and is simply bad luck. However,
it was shown in [82] that this conclusion is
erroneous.

Analysis of the mechanisms of formation of
targeted base substitution mutations [109, 116,
129], targeted insertions, targeted deletions [110-
112, 115], targeted complex mutations [114],
untargeted base substation mutations [124],
targeted delayed base substitution mutations [126,
127] and untargeted delayed base substitution

mutations [82] was done. It was concluded that
targeted, untargeted, targeted delayed and
untargeted delayed mutations are formed as a
result of the action of mutagens.

The authors of the cancer risk model [79]
concluded that no cancer prevention measures can
affect this part of mutagenesis. Since the model
[79] is wrong, this conclusion is also not true.
It can be concluded that the prospects for cancer
patients are not as hopeless as the authors of the
work [79] try to suggest.
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