
Introduction

It has been well-recognised that ionising 
radiation is capable of inducing structural 
changes of biologically essential macro-
molecules, resulting in the development 

of malignancy within a human organism.1 
Therefore, the development and perfecting 
of biomonitoring methods which enable 
the follow-up of early indicators of cellular 
alterations caused by irradiation (i.e. the in-
dicators of the reactions exhibited by irradi-
ated cells), dependent on the radiation type 
and dose delivered, are critical. Last years 
have witnessed a significant advancement 
in the detection of effects of parental irra-
diation, apparent in their offspring, i.e. the 
indirect effect of irradiation expressed as the 
genome instability of their descendents.2-6 
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Monitoring of the irradiation impact car-
ried throughout a few generations subse-
quent to the irradiation of one of the par-
ents, actually boils down to the investigation 
of changes encountered in the mini-satellite 
loci of the referent population, the latter be-
ing narrowed exclusively to the cells consti-
tuting the gametal developmental line.7-10 
The parameter employed in the follow-up of 
their frequency, the so called mutation rate, 
is calculated as the number of mutated alle-
les present in the referent generation, over 
the total number of alleles hosted therein, 
and expressed either in form of ratio, or 
percentage of the mutations encountered. 

The impact of ionising radiation on the 
offspring of the first parental (F1), or the 
next few generations stemming from the 
irradiated individual, was first noticed on 
stem haematopoietic mouse cells. Although 
an irradiated cell of the female parent lacked 
any mutations whatsoever, the increase 
in the mutation rate of the daughter cells 
had been noticed. The phenomenon was 
termed the trans-generational instability, 
and defined as an uncommon and frequent 
occurrence of mutations to be found in the 
genome of individuals stemming from ir-
radiated ancestors (parents, grandparents). 
Nevertheless, those mutations need not be 
present in the irradiated ancestors’ cells, 
and do not necessarily vanish in the next 
generation, however, may lead to the in-
crease in mutation rate observed in some of 
the descendants embraced by the next few 
generations.11 

The results of experimental studies con-
ducted on mice, and the results of the in-
vestigation carried out in persons irradiated 
in Chernobyl, have pointed to significant 
changes of mini-satellites hosted by the de-
scendants, even though, as communicated 
by Dubrova affiliated with the Genetic 
Department of the Leicester University 
(United Kingdom), many issues haven’t 
been resolved yet.12-14

DNA satellites

DNA satellites (micro- and mini-) are con-
sidered to be frequently-repeated segments 
of the cellular genome. Within this frame, 
micro-satellites represent shorter repeats, 
measuring about 500 pb in their total 
length, with the basic repeat of 1-4 pb. 

Mini-satellites encountered in the human 
genome, are spots where frequent homolo-
gous recombination takes place, located 
adjacent to the telomere sequences that do 
not undergo transcription. However, there 
exist also mini-satellites present in non-
coded inter-genetic genome sequences, i.e. 
the sequences that, following transcription, 
represent parts of the intron. Mini-satel-
lites are more complex, and are constituted 
of repeats measuring 10-100 pb in size, and 
0.1-20 kb in length. Most of the repeats host 
the GGGCAGGAXG pattern, within which 
an X can be any nucleotide whatsoever. The 
most frequently encountered mini-satellites 
are polyA and polyT, as well as CT/AG and 
CA/TG sequences, greatly resembling the 
chi sequence of E. coli, which represents a 
recombinant signal. Mini-satellites encoun-
tered in human genome are spots where 
homologous recombination takes place 
more frequently (the recombinant “hot 
spots”). However, as stated already, there 
exist also mini-satellites present in non-
coded inter-genomic sequences, as well as 
the ones prone to exprimation, such as the 
MUCI locus, which contains the gene for 
the hyper-variable glycoprotein recovered 
from body fluids and some tissues, consti-
tuted of frequently-repeated mini-satellite 
sequences.14

Satellite DNAs are prone to mutations. 
Mutations of mini-satellites encountered 
in humans, comprise complex intra-allele 
rearrangements and alterations of the se-
quence length (mostly expansion). Mini-
satellite mutations encountered in human 
populations, may arise spontaneously only 
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in cells constituting the gametal develop-
mental line, and are characterised by the 
high, 0.5-13%-mutation frequency per ga- 
mete, while mutations encountered in mi-
cro-satellite sequences may be found in so-
matic cells as well. 

Most of the mini-satellite loci (90%), are 
situated in the sub-telomere chromosomal 
regions, and had been considered irrel-
evant for quite a long time. They were be-
lieved to be the parts of the genome usually 
called “the junk DNA”, although nowadays 
an issue of their potential influence on the 
alternative splicing, genome imprinting sig-
nal and regulation of gene expression, es-
tablished on the transcriptional level, has 
been raised.8, 15-17

Differences in length of satellite sequen-
ces can be easily detected with gel elec-
trophoresis subsequent to the polymerase 
chain reaction (PCR). The starters (probes) 
employed with the polymerase chain re-
action, are complementary to the parts of 
the genome surrounding the repeats. Their 
hyper-variability within population, and 
easiness of their detection, were the exact 
reasons for their forensic implementation. 
Based on the comparison of length of a cer-
tain number of standard satellite loci, re-
covered from samples taken from a number 
of persons, positive identification can be 
made.18,19 The exact determination of the 
loci and their mutations is accomplished 
by the hybridising Southern blotting me-
thod.20 

Trans-generational instability  
observed with irradiated mice

The first experimental model utilised in 
the investigation of trans-generational in-
stability, which made use of mini-satel-
lite monitoring, was represented by the 
mice ESTR loci. Namely, the mini-satellites 
present in mice markedly differ from those 

present in humans, and are divided into 
two groups: real mini-satellites, measuring 
0.5-10 kb in length, and having 14-17 bp 
long repeated patterns, and simple tan-
dem repeated sequences, called the ESTR 
(expanded simple tandem repeats), measur-
ing 0.5-16 kb in length, and having 4-6 bp 
long repeats.12,13,15,21 Mice ESTR loci contain 
shorter repeated patterns, and their muta-
tions occur both in somatic and gametal 
developmental line cells. Though in some 
features (length of the repeated sequence, 
high content of G/C base pairs, and locus 
length) resembling more those found in 
humans, mice mini-satellites do not exhibit 
mutations of a complex intra-allele-arrang-
ing type, and do not present with a high 
mutation rate that can be run across in hu-
man population.22-25

One of the most significant results in 
this research area is that of the experi-
ment conducted in male mice of the CBA/
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Figure 1. Model describing the inheritance of mutations 
in transgenic instability. Studied independent alleles 
are represented by the letters B and H, wild type 
is written in black and mutant types are written in 
various colours. Each colour represents a different 
kind of mutation. The genotype of the irradiated 
mouse is in the red box, of his direct offspring is 
in the pink boxes and in the black boxes is the 
genotype of non irradiated individuals. The picture 
shows that the mechanism of the inheritance doesn’t 
obey the rules of Mendelian inheritance and that 
mutations in minisatellite alleles that weren’t mutated 
in parents can occur. Epigenetic mechanism is the 
best explanation for this type of inheritance.
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H strain, irradiated with various radia-
tion types (acute X-ray irradiation, chronic 
gamma-irradiation, and fission high-LET 
neutrons).12,13 At post-irradiation week 3, 6 
and 10, irradiated males had copulated with 
non-irradiated females of the same strain. 
It has been held true that a time-period 
elapsed from the irradiation time-point, is 
of importance, since male germinative cells 
had stemmed from irradiated post-meiotic 
spermatozoids (at post-irradiation week 3), 
pre-meiotic spermatogonia (at post-irradi- 
ation week 6) and stem cells (at post-irradi-
ation week 10) (Figure 1). Results obtained 
with all radiation types employed, had 
demonstrated statistically significant rise 
in the number of mutations emerging from 
the ESTR loci of F1 and F2 mice generation. 
The frequency of mutations was very simi-
lar to that of parental samples, and failed 
to exhibit the tendency towards diminish-
ment. Some of the research results point at 
the increase in mutation rates encountered 
among younger generations, while genome 
repeats point towards trans-generational 
instability exhibited following ionising 
radiation exposure of one of the parents. 
These research results have reflected in a 
significant decrease in number of mice re-
quired for radiation experiments as com-
pared to classical biomonitoring methods, 
capable of detecting genome changes solely 
in case a few thousands or even a few hun-
dred thousands mice have been used. The 
detection of statistically significant number 
of mutations located on the ESTR loci, called 
for the employment of only 300-400 mice. 
In line with the foregoing, the investigation 
of mini-satellites proved better and more 
sensitive tool to be engaged in the monitor-
ing of radiation impact, than classical cyto-
logical techniques did.26

Promising results of the first experiments 
conducted in mice, motivated Dubrova and 
associates to continue their research in an 
attempt to disclose the mechanism under-

lying the occurrence of mutations on the 
ESTR loci, the importance of gameto-gene- 
ric phase in which the irradiation took place, 
the importance of mice strain involved, and 
the importance of the type of irradiation 
employed. In light of the foregoing, aside 
from CBA/H, also other mice strains, such 
as C57BL/6 and BALB/c, have been used. 
The results of the research conducted in 
mice of parental generation, irradiated 
with low-LET X-rays and low-LET fission 
neutrons, were engaged for the purpose of 
disclosing the mechanism underlying the 
mutation occurrence. To this goal, changes 
on two independent loci of mice genome, 
Ms6-hm i Hm-2, have been observed. The re-
sults revealed the origin of mutated alleles 
(either in a non-irradiated female, or in an 
irradiated male parent), to be detectable in 
most of the animals involved. A crucial part 
of the experiment was represented by the 
determination of mutations in gametes of 
the descendants whose genotype came as 
a result of coupling of sperms developed 
from irradiated post-meiotic spermatozoids 
(at post-irradiation week 3). As concerns 
the genotype of the offspring in question, 
the initial research results failed to reveal an 
increase in number of mutations, which led 
to the conclusion that the basic mechanism 
involved in trans-generational instability 
becomes active not sooner than the diploid 
gametal-generic stage. However, a further 
investigation yielded confusing results, 
since the rate of mutations found in the off-
spring in reference, proved higher than that 
observed with the offspring of the control 
group, i.e. that originating from the non-
irradiated male parent (the father). Under 
such terms, one is tempted to conclude that 
the source (the cause) of genetic instability 
encountered in the offspring, arises in fact 
either from diploid zygote following im-
pregnation, or in the early embryo-generic 
stage, rather than during meiosis, as first 
assumed. The possibility that the source of 
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instability lies within the very sperms was 
rejected based on substantial compactness 
and biochemical inactivity of their chroma-
tin. Another surprising phenomenon en-
countered during the course of the study, 
was the occurrence of mutations located 
on the allele inherited from non-irradiated 
mother, which means that genome instabi-
lity induced by the irradiation of the male 
parent, affects the alleles inherited from an-
other parent as well.27

There exist two theories on the mecha-
nism underlying trans-generational insta-
bility. According to one of them, mutation 
is a result of a direct damage inflicted to 
the DNA molecule in the area hosting one 
of the ESTR loci. If that is the case, in the 
offspring of an irradiated father (and their 
descendants), mutations located in the al-
lele inherited from the father should be 
dominant. In oppose, mutations are equally 
encountered in both alleles of all descend-
ants, ruling this possibility out. In addition, 
the number of changes encountered in 3-4 
kb region, established in the population, is 
100-fold greater than that statistically ex-
pected in case of a mutation arising from 
a direct DNA damage.28 According to the 
second theory, mutations are included 
into a certain set of genes, such as those 
responsible for DNA repair. A mutation of 
the aforementioned kind might lead to the 
one engaging both alleles. If that is the case, 
in line with Mendel’s Laws of Inheritance, 
each generation would witness a decrease 
in mutation rate based on the crossover 
with non-irradiated females hosting wild 
gene types. However, in this particular case, 
the mutation rate is similar in individuals 
of all generations. Following the rejection 
of these theories, the cause of trans-genera-
tional instability proposed in the literature, 
has been an epigenetic effect of a still non-
clarified background. 

The experimental research has indicated 
that the frequency of mutations to be seen 

in the offspring of irradiated mice depends 
on the strain used in the experiments. 
Within this context, the BALB/c mice strain 
has been demonstrated to be the most sen-
sitive one, while the C57BL/6 turned out 
to be the most stable one. The importance 
of utilisation of various mice strains lies 
within the corroboration of the fact that 
trans-generational instability is not a strain-
specific phenomenon. Alike, the research 
into the genetic features of mice used for 
experimental purposes, contributes to the 
comprehension of mechanisms responsible 
for the mutations in reference. The results 
obtained in mice irradiated with doses of 
0.4 Gy, 1 Gy and 2 Gy, are of significance 
in proving that both low- and high-LET ir-
radiation may induce trans-generational 
instability, and that the rate of mutations 
encountered in the offspring is linearly 
dose-dependent.

Alike human mini-satellites, mice ESTR 
sequences had been considered irrelevant 
and inert for a fairly long time. However, it 
has been proven that a number of changes 
encountered in the offspring of irradiated 
mice belonging to various strains (for in-
stance, the increase in lung and skin tumour 
rate, the rate of blood cell malignancies and 
the decrease in ovarian cells’ impregnation 
rate), are inherited conformant to the trans-
generational instability model.27

Specificity of hyper-mutable mini- 
satellites and the transgenic model

The fact remains that, apart from human 
genome, there exists no other organism 
containing hyper-mutable mini-satellite 
loci in its genome. Therefore, the results of 
the investigation carried out on mice ESTR 
loci, could not, beyond reasonable doubt, 
be extrapolated to humans. Having in mind 
that mice mini-satellites follow the pattern 
similar to that in humans and resemble the 
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latter in mutation rates, the potential solu-
tion to the problem would be the introduc-
tion of human mini-satellite loci into the 
mice genome. The transgenic individuals 
of such kind have been irradiated insofar; 
however, no such thing as the rise in rates 
of mutations encountered on these loci, nor 
the occurrence of trans-generational insta-
bility, have been noted.17

The trans-generational instability was first 
noticed in transgenic yeasts (Saccharomyces 
cerevisae), in which human mini-satellite loci 
had been introduced. In these models, even 
the protein that takes control over mini-sat-
ellite expansion that occurs during meiosis 
(termed the Rad 1), had been discovered. 
However, the instability noted in yeasts 
markedly differ from that in humans; for 
instance, mini-satellite mutations are usu-
ally boiled down to simple arrangements, 
lacking any trace of complex inter- and in-
tra-allele rearrangements that can be found 
in people. In addition, in mutants in whom 
Rad 27 protein has been affected, complex 
post-mitotic mini-satellite mutations occur 
in somatic cells as well, while in people the 
latter are limited to the gametal develop-
mental line. In some individuals, a sequence 
diminishment has been observed as well, as 
oppose to humans who presented with the 
preferred sequence expansions.17 Therefore, 
the sole manner of monitoring and investi-
gating mini-satellite mutations in humans, 
are population studies. 

Population studies

The results of the investigations indicating 
the presence of a post-irradiation risk im-
posed on as many as three mice generations 
launched a debate on potential risks for the 
human population, too. It is of note that 
mutations occurring on human mini-satel-
lites are exclusively narrowed down to the 
cells of the gametal developmental line, and 

are of a more complex nature, so that mice 
models can not be considered relevant. 
Although the investigation of mini-satel-
lite mutations occurring in humans are far 
more difficult to explore, due to the need of 
having a correspondent control group, the 
samples had been collected among families 
exposed to Chernobyl catastrophe, as well 
as among persons included into radioac-
tive testing conducted in the Kazakhstan 
region Semipalatinsk, and cancer patients 
receiving radiotherapy. Due to the fact that 
the research in question was conducted 
on a relatively small number of persons 
exposed to different radiation types, as well 
as due to the impossibility of determining 
the exact irradiation dose delivered to the 
exposed persons based on the timing of 
their irradiation within the set timeframe, 
this study yielded contradictory results. 
Owing to the short half-life of unstable 
radioisotopes to which the families victim-
ised by the Chernobyl catastrophe have 
been exposed, doses measurable immedi-
ately after the catastrophe were not relevant 
after all. Realistic doses were estimated 
based on the number of stable and unsta-
ble chromosomal aberrations detected in 
the exposed persons.29 Blood samples had 
been collected from the families dwelling 
the Mogilev County of Belarus, affected by 
the Chernobyl catastrophe, while British 
families served as controls. The mini-sat-
ellite analysis revealed the mutation rate 
registered in irradiated family members, 
to be 1.6-fold higher than that of controls. 
In addition, an elevated mutation rate was 
observed also with children coming from 
parents deemed as high dose recipients. 
However, due to the inadequacy of the 
controls, i.e. the fact that control families 
were of different nationality and observed a 
lifestyle different from that of the exposed 
group, the results of these investigations 
were given no credit. In view of solving this 
problem, an adequate control group was 
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picked up, and compared to the members 
of the Ukrainian families (the areas un-
der investigation were Zhitomir and Kiev 
Counties). For the aforementioned purpose, 
blood from children conceived prior and 
following the nuclear catastrophe had been 
sampled. In subjects conceived following 
the nuclear accident, a 60%-rise in muta-
tion rate had been established. In addition, 
the exposed persons had been subjected to 
the genotype analyses of the cells constitut-
ing the gametal developmental line, on the 
occasion of which only mutations in male 
cells (not in female ones) had been deter-
mined, despite the fact that both genders 
were exposed to equal radiation doses.30

Similar research had also been conduct-
ed among families dwelling Kazakhstan re-
gion of Semipalatinsk who had resided in 
the vicinity of the nuclear facility nearby 
which, starting from 1949 up to 1989, as 
many as 470 nuclear tests had been per-
formed. The families in reference lived 
nearby the area of atmospheric, as well 
as underground and surface explosions. 
Persons of similar nationality, parental age, 
professions, and smoking habits, originat-
ing from the former Taldy Kurgan County 
of Kazakhstan, but not residing in the vici-
nity of the aforementioned location, served 
as controls. Alike the previous two, this re-
search yielded positive results in terms of 
mutation rate elevation, in this particular 
case by as much as 70% as compared to the 
controls. In all of the aforementioned stud-
ies conducted in the territory of the former 
USSR, probes for the same mini-satellite al-
leles had been used.26,29

However, there exist also studies which 
failed to confirm the aforementioned re-
sults. For instance, the investigations con-
ducted among children who managed to 
survive the most notorious event of an 
acute exposure to an enormous radiation 
dose, i.e. the Hiroshima bombing, failed to 
confirm the theory of trans-generational 

instability. Negative results of this study 
may serve as a proof that only certain types 
of radiation, or exposure (for instance, the 
Semipalatinsk families had been exposed 
to chronic, fairly uniform radiation, while 
the Hiroshima families had been exposed 
to an acute high-dose irradiation), are capa-
ble of inducing such a phenomenon. As a 
limitation of the studies conducted among 
children who managed to survive the 
Hiroshima bombing, the fact that most of 
the children under investigation were born 
10 years after the nuclear attack on their 
parents, has often been put forward. This 
fact is most often taken as the main reason 
for negativity of the results of the study in 
question, together with the possibility that 
there exists a time-period after which the 
epigenetic mechanism of mutation induc-
tion ″turns off″. Negative results were also 
obtained with the analysis of sperm sam-
pled from males diagnosed with seminoma 
both prior and following radiotherapy, who 
had been subjected to 0.4-0.8 Gy radiation, 
delivered in 15 fractions. The reason for the 
negativity of the results might be the fact 
that less-fractionated doses do not exhibit 
an additive effect. Additionally, negative 
results were obtained with the investiga-
tions conducted among descendants of the 
workers who took part in cleansing of the 
Chernobyl facility following the nuclear ac-
cident, and were exposed to daily radiation 
doses of 0.25 Gy. In confirmation of these 
results, the studies performed on mice 
managed to prove that a larger number of 
less fractionated doses lead to the same ef-
fect as does the single one, equal to their 
sum.30,31 

Mini-satellite diseases

Mutations presented on mini-satellite loci 
are often put forward as causes of various 
diseases, for instance some tumours and 
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certain types of diabetes mellitus, although 
their genetic background remains to be 
somewhat unclear. The investigations of 
this kind have focused on the mini-satellite 
locus HRAS1, the mutations of which are 
incriminated to cause or contribute to the 
development of various diseases, e.g. ovar-
ian cancer, and hereditary breast and gall 
bladder cancer. One of the most prominent 
articles in the field, had been founded on 
the investigations of the HRAS1 locus, con-
ducted in white females suffering from an 
ovarian cancer. Ovarian cancer is reported 
to be the fifth most common cause of death 
of US females, and the risk factors respon-
sible for its more frequent onset are consid-
ered to be white race, older age, nuliparity 
and oral contraception. The mini-satellite 
HRAS1 locus encountered within general 
population consists of 4 typical alleles 
and 12 atypical rare ones, the latter being 
trusted to emerge from the mutations of 
those 4 typical ones. Following the inves-
tigation of the HRAS1 locus, performed in 
peripheral lymphocytes and tumour tissues 
of the sick women, as well as by virtue of 
comparison with the control samples taken 
from healthy white women of the similar 
age, a 50%-rise in share of rare alleles of 
the HRAS1 locus had been noted. Statistical 
analyses had revealed a 1.66-fold rise in 
risk of developing the disease, encountered 
in women hosting one rare allele, and as 
much as 2.86-fold rise in the referent risk 
posed to the women hosting two of such 
alleles. These results prove beyond doubt 
that HRAS1 locus plays a role in the onset 
of ovarian cancer, although the exact un-
derlying mechanism remains to be unclear. 
It has been well-recognised that even as 
many as 4 nuclear transcript factors are 
bound to this allele, and that, under in vitro 
conditions, some of the alleles may pose 
as a transcription silencers or enhancers.31 
The diseases that might arise as a conse-
quence of trans-generational instability in-

duced by ionising radiation are leukaemia 
and Hodgkin lymphoma. Such pathology 
had been observed in children born nearby 
the Sellafield Nuclear Plant of the United 
Kingdom. Namely, children dwelling this 
area were noted to have an extraordinar-
ily high incidence of the diseases in ques-
tion. The results of the study performed as 
early as in 1990, pointed to an extremely 
high risk of developing leukaemia and/or 
Hodgkin lymphoma, assessed in children 
whose parents had, prior to the conception, 
worked in the power plant in question, and 
had been exposed to substantial radiation 
doses.32

Further investigation

The investigation conducted insofar, have 
demonstrated that ionising radiation is ca-
pable of influencing the genome of non-ir-
radiated descendants, more precisely their 
mini-satellite loci. Further investigations, 
which might disclose the mechanisms un-
derlying the occurrence of mutations on 
mini-satellite loci and trans-generational 
instability, should aim at monitoring of 
mini-satellite mutations to be used as a bio-
monitoring tool engaged in the assessment 
of risk of developing malignancies, present 
in the offspring. In addition, there exists 
the possibility of application of their re-
sults to the goal of designing more efficient 
radiotherapeutic protocols and safety-at-
work measures to be observed in persons 
dealing with ionising radiation sources.17 
Significant improvement in understanding 
of the occurrence of micro-satellite muta-
tions, is expected to be attained by the 
application of biophysical spectroscopic 
methods (for instance, NMR, circular dicro-
ism), although the question why sequence 
expansions are preferred over deletions 
has been partially answered already, under 
the wing of the theory that this should be 
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attributed to the difference in stability of 
alternative DNA molecular structures.33 
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