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For more than 60 years individuals, chronically exposed 
due to the Mayak PA liquid radioactive waste releases into 
the Techa River (Southern Urals), have been undergoing 
medical examinations in the Urals Research Center for 
Radiation Medicine of the Federal Medical Biological 
Agency of Russia (URCRM). The long-term follow-up of the 

cohorts of exposed people leads the researchers to the 
understanding of the complex interaction of radiation and 
non-radiation factors and its further effects on human health. 
Studying the chronic exposure effects on the body remains 
an essential task for researchers and medical professionals, 
since it helps to reveal the mechanisms underlying the 
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FREQUENCY OF INVERSIONS IN THE T-LYMPHOCYTE CHROMOSOMES OF EXPOSED RESIDENTS 
OF THE SOUTHERN URALS 

It is well-known that ionizing radiation is among factors increasing the rate of chromosomal rearrangements. The inversion rate was poorly understood due to 

difficulty of inversion identification by the conventional differential staining method. A comprehensive study of chromatin and its complex rearrangements has 

become possible with the use of the high-tech molecular genetic method, fluorescence in situ hybridization (FISH). The study was aimed to assess frequency 

of inversions involving the chromosome telomeric regions in 36 residents of the South Urals, almost all of them were affected by combined chronic exposure. 

The calculated individualized cumulative external and internal doses were 0.0001–4.7 Gy. Inversions were identified by fluorescence staining of the chromosome 

telomeric region. It was found that chromatid inversions were more abundant than chromosomal variants (9 : 0.3 per 100 cells (p < 0.001). No relationship between 

the studied parameters and the absorbed dose, sex and age at the time of the examination was revealed.
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Я. В. Кривощапова    , А. В. Возилова

ЧАСТОТА ИНВЕРСИЙ В ХРОМОСОМАХ Т-ЛИМФОЦИТОВ У ОБЛУЧЕННЫХ 
ЖИТЕЛЕЙ ЮЖНОГО УРАЛА

Известно, что ионизирующее излучение — это один из факторов, повышающих частоту хромосомных перестроек. Распространенность инверсий была 

мало изучена из-за сложности их выявления общепринятым методом дифференциальной окраски. Комплексное изучение хроматина, его сложных 

перестроек стало возможно с применением высокотехнологичного молекулярно-генетического метода — флуоресцентной in situ гибридизации 

(FISH). Целью исследования было изучить частоту инверсий с вовлечением теломерных участков хромосом у 36 жителей Южного Урала, почти все 

из которых подверглись сочетанному хроническому облучению. Рассчитанные индивидуализированные суммарные дозы от внешнего и внутреннего 

облучения — от 0,0001 до 4,7 Гр. Инверсии выявляли методом флуоресцентной окраски теломерного участка хромосом. В результате обнаружили, что 

распространены преимущественно хроматидные инверсии по сравнению с хромосомными вариантами (9 : 0,3 на 100 клеток (p < 0,001). Не выявлено 

зависимости исследованных показателей от дозы облучения, пола и возраста на момент обследования.
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effects of radiation and prevent adverse impact of radiation 
exposure [1]. 

Great amount of research is focused on exploring the 
mechanisms underlying the emergence of chromosomal 
mutations and identifying their role in evolution of species, 
implementation of the ontogenesis, effects on the organs 
and tissues of a human body [2, 3]. The exposure to ionizing 
radiation can trigger development of various biological effects, 
also including chromosomal aberrations [4, 5], translocations 
(stable aberrations), as well as ring and dicentric chromosomes 
(unstable aberrations) being the most thoroughly studied ones. 
Follow-up of the cohort of individuals affected by combined 
chronic exposure (hereinafter referred to as exposure) in the 
Southern Urals demonstrates high frequency of translocations 
and unstable chromosomal aberrations relative to background 
indicators even 70 years after the beginning of exposure 
[6]. Today, there are sporadic reports showing the direct 
correlation between the increased frequency of chromosomal 
rearrangements and diseases in humans. Some investigations 
consider cancer as an effect. The studies have shown that 
up to 70% tumor cells contain chromosomal rearrangements 
of various types [7].

In recent years, the researchers’ attention was focused 
on exploring the chromatin packaging and behavior in the 
nucleus, since the range of methods suitable for such studies 
expanded. The scientists construct models and predict 
the effects of various factors and genetic mutations on the 
chromatin architecture based on the data on the frequencies 
of various types of chromosomal rearrangements and 
differentiated chromatin arrangement in the cell nucleus in the 
3D format [8]. 

Chromatin, consisting of heterochromatin and euchromatin 
regions, has a complex structure and compaction. It is well-
known that chromosomal rearrangements result in redistribution 
of these structures across the chromosome arms or different 
chromosomes in the nucleus or in elimination of certain regions, 
which inevitably affects expression of oncogenes, suppressor 
genes, etc., as well as cell functioning.

Among stable chromosomal aberrations, inversions are the 
most poorly understood, because these are difficult to identify. 
Inversions are chromosomal rearrangements in which the 
chromosome structure alteration is caused by the 180-degree 
turn of one of its regions. Inversions are divided into two classes: 
pericentric and paracentric. Pericentric inversion includes the 
centromere and changes the chromosome structure, which 
makes it easy to verify during karyotyping. Paracentric inversion 
is less easy to detect, since it does not change the ratio 
of the chromosome arms. The DNA breakage/fusion 
mechanism underlies the emergence of inversion [9]. 

Inversion plays an important biological role. According to 
the published data, inversions in chromosomes are most often 
found in the cells that are undergoing malignant transformation, 
in individuals with congenital syndromes associated with 
developmental delay, autism and epilepsy [10, 11]. It is well-
known that inversion affects the occurrence of crossing over 
between sister chromatids and segregation of chromosomes into 
daughter cells, which can result in aneuploidy or cell death [12]. 

There are various methods to detect chromosomal 
inversion. Among cytogenetic approaches, G-banding (GTG-
banding) is the most widely used and affordable one. However, 
the complex and time-consuming nature of the analysis made it 
impossible to widely use the approach to assess the abundance 
of various types of inversions in human cells. Fluorescence 
in situ hybridization, to be more specific high-resolution 
multicolour banding FISH (mBAND), is a modern high-tech 

method to determine chromosomal inversion [13–15]. This 
method is reliable, but rather expensive to study the population 
frequencies of inversions in human cells. We have tried to use 
FISH with locus-specific telomeric probes for this purpose [16]. 
When assessing the length of the metaphase chromosome 
telomeric regions, we sometimes detected fluorescence signals 
of telomeres within chromosome arms, which was indicative 
of the chromatin inversion involving the chromosome terminal 
regions. The pilot-stage findings of the study of the frequency 
of inversions involving telomeric regions were presented in our 
previous paper [16], however, to be confident in the obtained 
results it was necessary to expand the sample and then assess 
the relationship between the indicators and the radiation and 
non-radiation factors.

The objective of the study was to assess the frequency 
of inversions involving the metaphase chromosome telomeric 
regions in T-lymphocytes of individuals affected by combined 
chronic exposure on the Techa River. To accomplish this 
objective a task was set to assess the relationship between 
the frequency of inversions and the cumulative external and 
internal dose, as well as the age at the time of examination 
and sex.

METHODS

Characteristics of examined individuals

The study involved residents of the Southern Urals born before 
1960, the majority of them had cumulative absorbed doses 
to RBM (red bone marrow) of 0.0001–4.7 Gy (calculated 
according to the TRDS-2016). These individuals were either 
members of the Techa River Cohort (TRC) or Techa River In 
Utero Exposed Cohort (TRCIU). Information about the studied 
sample and health status of exposed individuals was provided 
by the “Database “Man” Department. Individualized cumulative 
external and internal doses (hereinafter referred to as doses) to 
RBM were calculated using the TRDS-2016 in the Biophysics 
laboratory, the data on the history of cancer in the examined 
individuals were provided by the Epidemiology Laboratory of 
the Urals Research Center for Radiation Medicine (URCRM) [1].

The fact of combined exposure (internal β- and external 
γ-exposure in a wide dose range) was the specific feature of 
chronic exposure of the residents of the Techa Riverside villages. 
A total of 29 females and 7 males were examined during the 
study. Inclusion criteria: age 61–81 years. Ten donors had high 
absorbed doses to RBM (1–4.7 Gy), 12 individuals had the 
absorbed doses to RBM within the range of 0.3–0.9 Gy. The 
comparison group included two non-exposed individuals and 
12 exposed individuals with the absorbed doses to RBM of 
0.0001–0.01 Gy. 

Exclusion criteria: individuals born in 1961 and later; history 
of autoimmune diseases, cancer, exacerbation of chronic 
inflammatory diseases. People taking cytostatics, antibiotics 
were not included. The characteristics of studied groups are 
provided in Table 1.

Obtaining the peripheral blood T-lymphocyte metaphase 
chromosome preparations 

The cytogenetic study involved metaphases of the peripheral 
blood T-lymphocytes stimulated with phytohemagglutinin 
(PHA). The chromosome preparations were obtained in 
accordance with the protocol including four consecutive 
stages: cell culturing to the metaphase stage, hypotonic 
treatment of cells, metaphase plate fixation and making 
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Table 1. Characteristics of studied groups

Dose group, Gy

Number of donors (total)
Age, years

Females Males

Number, n Age, years Number, n Age, years Number, n Age, years

0–0.01 14 62–72 10 62–72 4 62–70

0.3–0.9 12 69–81 11 69–81 1 72

1–4.7 10 70–76 8 70–76 2 71–72

Total 36 62–81 29 62–81 7 62–72

Fig. 1. Potential mechanism underlying the emergence of inversion involving the 
chromosome telomeric region  

Fig. 2. Inversion types: chromosomal (А) and chromatid (B) (telomeric region is 
highlighted in gray) 

А B

the chromosome preparations [17]. When drops of the cell 
suspension were pipetted onto the slides, slides were dried at 
42 °С on the slide dryer, then stored in the freezer at –20 °С 
prior to fluorescent staining.

Telomeric region staining by fluorescence in situ 
hybridization (FISH) with locus-specific probes 

Chromosomal inversions involving telomeric regions were 
assessed using the Telomere FISH Kit/Cy3 telomeric probes 
(Dako; Denmark). The Cy3-conjugated peptide nucleic acid 
used to produce the probe is synthetic DNA analog capable of 
binding to DNA of chromosomes in accordance with the base 
pairing rules. In peptide nucleic acid, the sugar-phosphate 
backbone is replaced with the neutral peptide-polyamide 
backbone, however, the distance between base pairs remains 
the same as in DNA. It is important to note that the probe from 
this set does not recognize subtelomeric chromatin sequences 
and therefore enables staining of the chromosome telomeric 
regions only [18]. Chromosomes were stained in accordance 
with the protocol of the probe manufacturer. The fluorescence-
stained preparations were analyzed using the Axio Imager 
Z2 microscope (Zeiss; Germany) with the DAPI and SpO 
(Spectrum Orange) filter and the Isis software package. 
Metaphases containing 46 chromosomes without overlapping 
or artifacts were included in the analysis. All the chromosomes 
were analyzed in each cell to find inversions. A total of 100 cells 
per donor were counted, a total of 3,600 cells were analyzed 
during the study. We estimated total number of inversions by 
types and the sum of all inversions per 100 cells, as well as the 
group-average values. Since the criteria of dividing inversions 
into chromatid and chromosomal were discussed in detail in 
previous report [16], here we provide a brief reminder of the 

mechanisms underlying the emergence of inversions and 
various inversion types (Fig. 1, 2).

Statistical analysis

The results were analyzed using the STATISTICA 10 software 
package (StatSoft; USA). Statistical processing of the results 
was performed using the nonparametric Mann–Whitney U test.

RESULTS

Frequency of chromosomal inversions in the range of 0–2 
was reported in 9 individuals, while chromatid inversions in 
the range of 3–26 were reported in all examined individuals. 
In non-exposed individuals (2 people), the chromatid inversion 
frequency was 6 and 19% and the chromosomal inversion 
frequency was 0 and 1%, respectively. The ratio of average 
frequencies of chromatid and chromosomal inversions was 9 : 
0.3 per 100 cells (p < 0.001) (Table 2).

As it is shown in Table 2, frequency of inversions in the 
studied groups with increasing absorbed dose to RBM 
demonstrates no significant differences. Low values were 
observed in individuals with the highest doses of 1–4.7 Gy. 
Maximum values were typical of chromatid inversions (frequency 
was 9.2, 9.5 and 8.7, respectively). The chromosomal inversion 
frequency was between 0.4 in the first two dose subgroups 
and 0.2 in the subgroup of individuals exposed at high doses.  

The dependence of the inversion frequency on the age at 
the time of examination is provided in Fig. 3.

Therefore, no age-dependence of the inversion frequency 
was found in the studied age range (60–80 years).

No dependence of the inversion frequency on the absorbed 
dose to RBM was revealed either.

break

180°
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Table 2. Frequency of inversions (M ± SD) (median, 25 and 75%) involving telomeric regions in T cells of exposed residents of the Southern Urals (per 100 cells) 

Dose groups, Gy 
(n)

Chromatid inversions
M ± SD,
Median,

(25–75%)

Chromosomal inversions
M ± SD,
Median,

(25–75%)

Total inversions
M ± SD,
Median,

(25–75%)

Comparison group
(13)

9.2 ± 4.7 
9 

(6–11)

0.4 ± 0.7 
0 

(0–1)

9.6 ± 5.1 
9.5 

(6–12.5)

0.3–0.9 (11)
9.5 ± 6.0 

8 
(6.5–9)

0.4 ± 0.2 
0 

(0–0)

9.6 ± 6.0 
8 

(7.5–9)

1.00–4.7 (11)
8.7 ± 3.7 

7 
(6–10.5)

0.2 ± 0.4 
0 

(0–0)

8.3 ± 4.8 
7 

(6–10.5)

Entire group (36)
9.1 ± 4.8 

8.5 
(6–11)

0.3 ± 0.5 
0 

(0–0.25)

9.4 ± 5.0 
8.5 

(6–11)

Fig. 3. Graph of inversion frequency versus age Fig. 4. Inversion frequency versus absorbed doses in the examined individuals 
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There were few men in the studied sample. That is why, 
to assess the sex effect on the studied parameter a group of 
women was formed. Women were selected in accordance with 
the case-control principle for each examined man taking into 
account the absorbed dose to RBM and age (Table 3).

Thus, no dependence of the inversion frequency on the sex 
of the examined individuals was revealed.

DISCUSSION

The study reported in the paper is a continuation of a pilot project 
started more than two years ago in the Laboratory of Radiation 
Genetics, Urals Research Center for Radiation Medicine as 
part of the Russian Foundation for Basic Research grant. 
During this project we assessed the metaphase chromosome 
inversion frequency in the cultured peripheral blood T cells of 
exposed residents of the Southern Urals [16]. For this purpose 
a method of fluorescent staining of the chromosome telomeric 
regions was proposed and tested. In the given paper the size 
of the examined individuals sample was increased and the 
impact of radiation and non-radiation factors on chromosomal 
rearrangements (inversions involving telomeric regions of 
chromosomes) was analyzed. It has been found that thanks to 
the increase in the sample size the earlier reported frequencies 
of inversions have been confirmed: chromatid inversions were 
the most abundant and their ratio to chromosomal inversions 
was 9 : 0.3.

It is obvious that chromatid inversion is formed in one of the 
sister chromatids after the cell is through the synthesis phase 

of cell division, while chromosomal inversion results from the 
inversion emerged before the synthesis phase, which eventually 
causes duplication of the inverted chromatid during this phase. In 
this case the ends of the sister chromatid arms are left without 
telomeric regions, which is a marker of the cell death. This thesis 
is proven by lower frequencies of chromosomal inversions. If 
cells could survive such rearrangements, we would see high 
frequencies of chromosomal inversions or other chromosome 
rearrangements (for example, translocations or di- or multiple-
centric chromosomes, ring chromosomes). However, this was 
not observed when assessing preparations. 

The analysis of the published papers gives reasons 
to believe that there are some mechanisms that eliminate 
damaged chromosomes or cells, which makes it possible to 
preserve integrity of chromosomes in the cell and the genome 
in all cells of the body. 

Our findings show that a large number of inversions contain 
telomeric repeats. The analysis of the published papers has 
allowed us to find reports noting that telomeric sequences 
are found in the chromosomal chromatin of many organisms, 
including human beings, and are referred to as interstitial 
telomeric sequences (ITSs) [19, 20]. Such regions are considered 
to result from genomic rearrangements during the course of 
karyotype evolution, which emphasizes the importance of 
studying these regions. There are assumptions explaining the 
mechanisms underlying the telomeric region insertion during 
repair. It is believed that short telomeric repeats can be inserted 
by the double-strand break repair systems involving telomerase 
[21] or result from replication induced by the double-strand 
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Table 3. Inversion frequency versus sex (M ± SD) per 100 cells 

Sex (n) Age, years Dose, Gy
Chromatid 
inversions

Chromosomal 
inversions

Total inversions

М (7) 61–72 0.003–1.35 8.3 ± 4.3 0.1 ± 0.4 8.4 ± 4.6

F (7) 62–75 0.0001–1.35 7.7 ± 3.4 0.3 ± 0.5 8 ± 3.8

breaks or targeted insertion of telomeric sequences [22] based 
on the mechanism of alternative lenghthening of telomeres 
involving some homologous recombination components [23]. 
The loops formed by telomeric sequences are an important 
component of three-dimensional chromatin organization in the 
nucleus, which, in turn, is an important aspect of functional 
regulation of all processes in the genome [24]. Thus, ITSs can 
mediate telomeric regulation of the genome regions located far 
from the telomeres.

Considering the fact that the mechanism underlying 
inversion is the same as that underlying translocation (DNA 
breakage/fusion), it can be assumed that deletion of genes 
encoding proteins ensuring the chromosome end stabilization 
(such as TRF2) occurs due to the effects of regulatory 
mechanisms, which results in the chromosomal rearrangement. 
Consequently, the chromosome can either be eliminated, form 
a ring or “escape” via inversion. The single-stranded telomeric 
sequence, once inside the chromosome, is probably completed 
by telomerase, which is triggered by the interaction between 
the RNA matrix and the single-stranded primer. Telomerase 
adds nucleotides to the primer following the order dictated by 
the matrix structure [25]. 

Previously, we have reported the frequencies of chromosomal 
aberrations obtained for the group of individuals exposed 
to high-dose radiation in the Southern Urals [16]. Thus, 
during the analysis of chromosome preparations, chromatid 
inversions were the most abundant (9%), simple translocations 
accounted for 5%, complex translocations for 0.6%, and 
chromosomal inversions were the least abundant (0.3%). Given 
that each chromosome occupies a strictly defined space in the 
nucleus and normally does not overlap with chromatin of other 
chromosomes, the fact that the most frequent alterations are 
found within a single chromatid (chromosome) becomes quite 
explicable [8]. Thus, it is well-known that up to 55,000 single-

stranded DNA breaks, which are mostly repaired, occur in 
the human cell. However, we have confirmed that when there 
are some chromatin loop structural disruptions, a chromatid 
inversion occurs during repair. It is clear that when it comes 
to exchange of regions between different chromosomes, 
simple translocations are more probable than complex 
rearrangements involving simultaneous breaks in different 
chromosomes and their close proximity to the repair systems. 
Our findings show that such rearrangements are 10 times 
less abundant than simple translocations. Rare findings of 
chromosomal inversions indirectly confirm our assumption that 
such aberrations are lethal to the cell or such chromosomes 
are eliminated during cell division. This thesis requires further 
confirmation.

Thus, we believe that further investigation of the cell nucleus 
chromatin structure, specifically chromosomal inversions, 
is important for understanding how genes interact with 
one another and what biological mechanisms underly such 
interaction at the chromosome level.

 
CONCLUSIONS

The frequency of inversions involving the T-lymphocyte 
chromosome telomeric regions in the sample of residents of 
the Southern Urals affected by combined chronic exposure 
with the absorbed doses to RBM between 0.0001 and 4.7 Gy
was 1–26 per 100 cells.The ratio of chromatid inversion 
frequency to chromosomal inversion frequency is 9 : 0.3 
per 100 cells. No relationship between the chromatid and 
chromosomal inversion frequency and the cumulative 
absorbed dose to RBM has been revealed.No relationship 
between the chromatid and chromosomal inversion frequency 
and age within the range of 60–80 years and sex has been 
revealed.
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