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Abstract—The results of a study of delayed changes in the frequency of unstable chromosomal aberrations and
the CNA- and LOH-genetic landscape of blood leukocytes in healthy employees at the main facilities of the
Siberian Group of Chemical Enterprises exposed to external irradiation are presented. In 2014, 11 persons
with de novo induced mosaic deletions and amplifications associated with dicentric and/or ring chromo-
somes (markers for individual radiosensitivity) were detected. Three years later, the frequency levels of chro-
mosomal aberrations were compared. In 2017 the frequency of aberrant cells had increased by 1.7 times com-
pared to 2014, the frequency of the chromosomal type aberrations had doubled, the frequency of pair frag-
ments had a more than fourfold increase, and the frequency of dicentrics had almost doubled. The mosaic
deletion in employee no. 1490 (3q12.3—13.11) identified in 2014 persisted until 2017. Mosaic amplifications
identified in 2014 were preserved in five out of six employees (nos. 178, 203, 450, 1620, and 1792). Moreover,
we identified that the CNstate in employee no. 450 had increased 1.5 times by 2017. The mosaic amplification
of the short arm of the third chromosome in employee no. 278 had been eliminated by 2017. Other changes
in the CNA and LOH-genetic landscape were not detected. Thus, these data indicate the formation of self-
sustained bone marrow clones, whose descendants produce a population of aberrant cells in the blood of irra-
diated individuals. Further research into the preservation of chromosomal aberrations and CNA is needed, as
well as studies aimed at detecting the clones of aberrant cells in the bone marrow.
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INTRODUCTION

In 2014, at Seversk Biophysical Research Centre of
the Russian Federal Medical and Biological Agency
(SBR Center), using the CytoScan™ HD Array
microarray a study was conducted on the blood lym-
phocyte DNA of 46 employees of the Siberian Chem-
ical Combine (SCC) who had been exposed to exter-
nal irradiation during professional activities of. In the
recent past, SCC was one of the world’s largest com-
plexes of nuclear industry enterprises. Mosaic ampli-
fications were identified in nine employees and
mosaic deletions in two employees of the total number
of subjects. It was shown that mosaic deletions and
amplifications of chromosomal loci in individual
employees can be detected even with external doses of
just over 100 mSyv [1]. Deletions and amplifications are
CNA (copy number aberrations, or induced de novo
CNV—copy number variations), resulting from repair

errors [2] and can affect the expression of genes local-
ized in regions with CNA [3, 4]. Ionizing radiation
causes single-stranded and double-stranded breaks; if
the replicative fork comes into contact with a single-
stranded break, this can lead to replication collapse,
new replicative forks and the formation of CNA,
including the FoSTes (fork stalling and template
switching) mechanism [5].

A 2014 study suggested that mosaic CNA could be
formed in mitotically active cells in a human body
exposed to radiation (e.g., in bone marrow cells). As
a result, CNA clones formed in the bone marrow and
their descendant leukocytes accumulated in the blood
of irradiated individuals. If this is the case, then the
representation of the clone with the mutation can
change over time, both in the direction of decrease,
and increase. The same applies to unstable chromo-
somal aberrations (CA), determined by routine meth-
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Table 1. External radiation dose of examined SCC employees in 2014 and 2017

Employee no. (l;(()) fj}zn(; 1S7V) Note

178 239.4/239.4 Not changed, retired
203 1045.7/1045.7 Not changed, retired
278 306.8/306.8 Not changed, retired
450 340.5/340.5 Not changed, retired
1490 193.1/193.1 Not changed, retired
1620 151.1/151.1 Not changed, retired
1792 185/185 Not changed, retired
M+ SE 361.6 + 134.1

M—arithmetic mean; SE—error of the mean.

ods. In this study, we studied the change over the past
3 years in the frequency of unstable CA and the genetic
landscape (the appearance of new CNA and loss of
heterozygosity sites (LOH), the preservation of
mosaic deletions and amplifications, and the presence
of mutant clones) in the blood leukocytes of employ-
ees exposed to prolonged radiation exposure.

MATERIALS AND METHODS

The study included seven of 11 healthy SCC
employees who, during their professional activities,
were exposed to gamma radiation. In these employees,
according to the results of the 2014 studies, de novo
induced mosaic deletions and amplifications were
detected. The study was carried out in accordance with
the 1964 Helsinki Declaration (as amended 1975—
2013) and with the permission of the local ethics com-
mittee of the SBR Center. Informed consent was
obtained from all SCC employees participating in this
study.

Three employees refused the reinvestigation, and
one worker died before the 2017 research phase. The
average dose of seven of the examined employees in
2014 was 361.63 mSyv, in 3 years this dose had not
changed since they had all retired. The individual radi-
ation doses of each employee in 2014 and 2017 are in
Table 1.

Blood was used for standard cytogenetic analysis
and DNA isolation for subsequent microarray analy-
sis. For all examined individuals, a standard cytoge-
netic analysis of peripheral blood lymphocytes was
performed as described in detail in the 2014 study [6].
Routine staining of chromosomes was performed with
Giemsa dye prepared in a phosphate buffer. Chromo-
somal analysis was performed using a Leica DM2500
microscope (Germany). At least 300 metaphases were
studied for each individual. All types of chromosome
aberrations recognized without karyotyping were ana-
lyzed. The frequency of aberrant cells and all types of
CA was calculated per 100 metaphases.

DNA was isolated from blood using a QIAamp
DNA Blood mini Kit (Qiagen, Germany). The con-
centration and purity of DNA isolation were evaluated
on a NanoDrop-2000 spectrophotometer (Thermo
Scientific, United States). The concentration was from
50 to 150 ng/uUL, Ayg/Argy = 2.10—2.35, Ayo/Ary =
2.15—2.40. DNA integrity was assessed by capillary
electrophoresis on a TapeStation instrument (Agilent
Technologies, United States) using an Agilent
Genomic DNA ScreenTape System Quick Guide kit
(Agilent Technologies, United States). Most DNA
fragments had a weight of more than 48 kb. The iso-
lated DNA was stored at —80°C in a low-temperature
Sanyo freezer (Japan) and was used for microarray
studies.

Microarray analysis was performed on high-density
microarrays (DNA chips) of an Affymetrix (United States)
CytoScan™ HD Array (http://www.affymetrix.com/
esearch/search.jsp?pd=prod520004&N=4294967292).
Sample preparation, hybridization, and scanning pro-
cedures were performed in accordance with the man-
ufacturer’s protocol using the Affymetrix GeneChip®
SCNAner 3000 7G system (Affymetrix, United
States).

The microchip results were processed using the
Chromosome Analysis Suite 3.0 program (Affymetrix,
United States), which was developed specifically for
analyzing the results of studies wusing the
CytoScan™ HD Array matrix. In all cases, the snpQC
was higher than 15. Using the program, a CNA loss
and gain of at least 100 kb and loss mosaic and gain
mosaic that formed the CNA genetic landscape of
blood leukocytes were determined in the chromo-
somes. For analysis of the representation of mosaic
CNA, the CNstate index determined in the software
was used. In addition, the sites with LOH forming the
LOH landscape were determined. Changes in the
LOH landscape can serve as a marker of emerging
genomic cell instability [7]. All these data were com-
pared with the results of microarray scanning in 2014.
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Fig. 1. CNA- and LOH-landscape of blood leukocyte DNA in employee no. 278 in 2014 (a) and 2017 (b).

Statistical analysis was performed using the
STATISTICA 8.0 software package (StatSoft Inc.,
United States); for comparison of groups, the non-
parametric Mann—Whitney U test was used.

RESULTS

At the first stage of the study, the frequency of CA
was determined in employees with mosaic CNA iden-
tified in 2017 and compared with that recorded in
2014, both at the individual level (Table 2) and for the
group on average (Table 3). In general, there was a sta-
tistically significant increase in the average frequencies
of aberrant cells, chromosome-type aberrations
(2-fold increase), paired fragments, and dicentric
chromosomes, but not ring chromosomes (Table 3).

Despite the fact that the total radiation dose of the
employees examined in 2017 did not change compared
to that of 2014 (Table 1), in four employees (nos. 178,
278, 1490, 1620) the frequency of aberrant cells
increased by 2.4—3.4 times, while in employees
nos. 203, 450, 1792, the frequency of such cells
remained virtually unchanged (Table 2). In employee
no. 203 the ring chromosomes were eliminated, but
the frequency of dicentric chromosomes increased; in
employees nos. 178, 278, 1490 the level of both mark-
ers of radiation exposure (ring and dicentric chromo-
somes) increased; in employees nos. 450 and 1620, the
frequency of ring chromosomes increased. Only in
employee no. 1792, the level of ring chromosomes
decreased over 3 years (Table 2).

Thus, in the examined SCC employees, significant
individual changes in the frequency of CA over time
were observed, which might testify to the assumption
about the formation of aberrant bone marrow clones.

Using the full-genome CytoScan™ HD Array
microarray, we studied the CNA and LOH genetic
landscapes of employee white blood cells. When com-
paring the results of the full-genome CNA scans
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obtained in 2014 and 2017, we can conclude that in the
examined employees any new CNA were not revealed,
except for the previously identified mosaic CNA (see
below). There were no cases of chromothripsis and
kataegis on any of the chromosomes. Changes in the
LOH sites were not detected, the LOH landscape
completely coincided in 2014 and 2017. The LOH
landscape of 2014 and 2017 is shown for employee
no. 278 as an example (Fig. 1).

In the 2014 study, mosaic deletion (mosaic loss
3ql12.3—13.11) was found in employee no. 1490 [1]. A
second study showed that the mosaic deletion was pre-
served and the representation of the mutant CNstate
clone remained virtually unchanged (29 and 28%)
(Fig. 2).

Earlier in employees no. 178 (22ql11.23—12.1),
no. 203 (11p11.12), no. 278 (3p14.2—14.1), no. 1620
(22q11.23—12.1), no. 1792 (15ql1.2) and no. 450
(22q13.31) mosaic amplifications were detected. In
repeat study, it was found that the mosaic amplifica-
tions were preserved in five employees (Figs. 3—7), and
their CNstate representation did not change. In
employee no. 278, the mosaic amplification of the short
arm of chromosome 3 was eliminated (Fig. 1). It should
be noted that the CA frequency, determined by routine
methods, in this employee, increased by 3.3 times
(Table 2) and changes in the LOH landscape as a marker
of genomic instability were not detected (Fig. 1).

Interesting data were obtained for employee no. 450.
According to the 2014 study, mosaic amplification of
the 22nd chromosome (2044 + 514 kb) was estab-
lished. In 2017, it was found that CNState increased by
1.5 times (from 26 to 40%) (Fig. 7).

Thus, in six of the seven examined employees,
mosaic deletion and mosaic amplifications were pre-
served; their representation in 5/6 cases did not
change, and in only one case increased by 1.5 times.
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Table 2. Comparison of CA frequency in SCC employees in studies performed in 2014 and 2017

KHALYUZOVA et al.

CA frequency per 100 cells
Employee no. CA type Fcriterion (Fisher)
2014 2017
178 Number of aberrant cells 2.31362 7.33696 3.17 (p<0.01)
Chromatid fragments 1.54242 1.90217 1.23 (p > 0.05)
Chromosome type aberrations 0.77121 5.43478 7.05 (p <0.01)
Paired fragments 0 0.81522 8.15 (» < 0.01)
Ring chromosomes 0 0.27174 2.71 (p < 0.01)
Dicentric chromosomes 0.77121 4.34783 5.64 (p <0.01)
203 Number of aberrant cells 3.41365 2.95567 1.15 (p > 0.05)
Chromatid fragments 0.60241 0.73892 1.23 (p > 0.05)
Chromosome type aberrations 2.20884 2.21675 1 (p>0.05)
Paired fragments 0.40161 0.49261 1.23 (p > 0.05)
Ring chromosomes 1.00402 0 10 (p <0.01)
Dicentric chromosomes 0.80321 1.72414 2.15(p <0.01)
278 Number of aberrant cells 1.67785 5.64516 3.36 (p <0.01)
Chromatid fragments 0 1.34408 13.4 (p <0.01)
Chromosome type aberrations 1.67785 4.30107 2.56 (p <0.01)
Paired fragments 0 0.80645 8.06 (p <0.01)
Ring chromosomes 0.33557 0.80645 2.4 (p<0.01)
Dicentric chromosomes 1.34228 2.68817 2(p<0.01)
450 Number of aberrant cells 4.375 4.14747 1.05 (p > 0.05)
Chromatid fragments 1.5625 0.69124 2.26 (p <0.01)
Chromosome type aberrations 2.1875 3.45622 1.58 (p < 0.05)
Paired fragments 0.3125 0.69124 2.21 (p <0.01)
Ring chromosomes 0 0.69124 6.9 (p <0.01)
Dicentric chromosomes 1.875 2.07373 1.11 (p > 0.05)
1490 Number of aberrant cells 1.71429 4.56621 2.66 (» <0.01)
Chromatid fragments 0.14286 0.91324 6.39 (p <0.01)
Chromosome type aberrations 1.28581 3.42466 2.66 (» <0.01)
Paired fragments 0.28581 0.91324 3.2(p<0.01)
Ring chromosomes 0.14286 0.22831 1.6 (p <0.05)
Dicentric chromosomes 0.85714 2.28311 2.66 (» <0.01)
1620 Number of aberrant cells 1.33333 3.80623 2.85(»p<0.01)
Chromatid fragments 0 0.69204 6.92 (p <0.01)
Chromosome type aberrations 1 2.42214 2.42 (p<0.01)
Paired fragments 0 0.69204 6.92 (» <0.01)
Ring chromosomes 0 0.69204 6.92 (» <0.01)
Dicentric chromosomes 1 1.03806 1.04 (p > 0.05)
1792 Number of aberrant cells 4.47368 4.3333 1.03 (p > 0.05)
Chromatid fragments 0.78947 1.333 1.69 (» < 0.01)
Chromosome type aberrations 2.89474 3 1.04 (p > 0.05)
Paired fragments 0.26316 1 3.8(»p<0.01)
Ring chromosomes 0.52632 0 5.26 (p <0.01)
Dicentric chromosomes 2.10526 2 1.05 (p > 0.05)

p was determined by the Fisher test; the differences were considered significant at p < 0.05; statistically significant differences are high-

lighted in bold.
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Table 3. Comparison of mean CA frequency in SCC employees in studies performed in 2014 and 2017

CA frequency per 100 cells (M £ SE)
Index p-value
2014 2017
Number of aberrant cells 2.757 = 0.499 4.684 + 0.538 0.0221
Chromatid fragments 0.663 = 0.256 1.088 £ 0.173 0.1939
Chromosome type aberrations 1.718 + 0.286 3.465 + 0.421 0.0050
Paired fragments 0.180 £ 0.066 0.773 £ 0.063 0.0000
Ring chromosomes 0.287 £ 0.142 0.384 = 0.129 0.6207
Dicentric chromosomes 1.251 £ 0.206 2.308 + 0.391 0.0338

M—arithmetic mean; SE—error of the mean; p-value—level of statistical significance determined according to Mann—Whitney U test;

statistically significant differences are highlighted in bold.

One case of elimination of mosaic amplification over
time was also noted.

DISCUSSION

It is believed that unstable CA determined by rou-
tine methods (in particular, dicentrics) is eliminated
during the division process. As was found, in some of
the examined employees, the frequency of CA did not
significantly change over time, or certain CA types
were eliminated. This is a natural phenomenon, and it
can be explained by the restoration of the body after
radiation exposure. It is much more difficult to explain
the observed significant increase in CA frequency after
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retirement from work with radiation exposure (Table 3).
The vast majority of studies indicate a decrease in the
CA level in employees after the cessation of radiation
exposure, but among the liquidators of the Chernobyl
accident, professionals working with sources of ioniz-
ing radiation, and in patients with chronic and acute
radiation sickness, they can persist for a long time [8,
10—12]. In other words, despite the fact that unstable
CA must be eliminated, the population of aberrant
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cells in the blood is maintained for a long time. The
increase in the CA frequency cannot be explained by
age-related changes, since only 3 years had passed.
However, the possibility should not be excluded that
during this time the examined employees may have
received additional radiation exposure due to medical
exposure, data on which were not available, and there-
fore it is not possible to quantify and individually
assess. It should also be noted that a significant
increase in radiation load due to medical exposure
occurs in people during the diagnosis and treatment of
cancer or cardiovascular disease. According to the
results of medical examinations, the employees were
healthy (did not have oncological and/or cardiovascu-
lar diseases). In the examined employees, aberrant
cells not only persist for a long time (at least for 3 years),
but their frequency increases, e.g. they appear de novo.
It can be assumed that prolonged radiation exposure
led to the formation of genomic instability in bone
marrow cells, as a result of which there is a constant
induction of new unstable CA. If this assumption is
true, then, since genomic instability is nonspecific, in
addition to unstable CA determined by routine meth-
ods, other types of aberrations should also be
observed, such as copy number aberrations, the
appearance of new LOH sites, chromothripsis, and
kataegis.

Chromothripsis is a mutagenic process in which
one or more chromosome region undergoes cata-
strophic destruction, followed by accidental repair of
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DNA fragments. This process leads to genomes in
which tens or hundreds of genomic permutations
affect one or more segments of chromosomes.
Recently, it has been shown that chromothripsis is one
of the results of a telomere crisis [7]. Kataegis is a
recently discovered phenomenon describing regions of
localized hypermutations in which multiple substitu-
tions of C : G pairs spaced several hundred nucleotides
apart are grouped by kilobase-sized regions, often
associated with DNA rearrangement sites. It is
believed that kataegis is the result of the activity of the
apolipoprotein B catalytic subunit (APOBEC)
enzyme family, which can deaminate cytosine resi-
dues for the formation of uracil [7, 9].

Chromothripsis and kataegis cannot be detected
using routine methods, but they are easily detected
using a polygenic SNP array study (in the form of mul-
tiple CNA on one or several chromosomes for chro-
mothripsis, and an increase in the length of the copies
of neutral LOH during kataegis). Our study using a
polygenic microarray showed no changes in the CNA
and LOH landscape of blood leukocytes over 3 years.
There was not a single case of chromothripsis and
kataegis. This placed in doubt the assumption about
the formation of genomic instability in bone marrow
cells, which is responsible for increasing the CA fre-
quency.

The second assumption about the nature of the
increase in the CA frequency in employees not
exposed to additional radiation exposure is that, the
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elimination of unstable CA during division does not
always occur. The increase in the CA frequency is
associated with the formation of clones of aberrant
cells in the bone marrow, in which the unstable CA are
not eliminated (identification of the mechanisms
involved awaits further study) in the process of divi-
sion, and they are preserved in the blood leukocyte
descendants of this clone. In this case, there will be no
signs of genomic instability, the CA frequency will
increase in some cases, and the representation of the
detected mosaic CNA may also decrease or increase.
As our studies have shown, after 3 years, employees
had no signs of genomic instability, and CA frequency
changes. Most importantly, it was found that the rep-
resentation of mosaic amplification can increase or
decrease to zero. These data support the assumption
about the formation of mutant clones in the bone mar-
row of long-exposed individuals, which are the source
of aberrant cells in the blood. The mutant clone of
employee no. 450 has not only existed for a long time,
but multiplies and its representation in the blood
increases, which may indicate a high risk of developing
a disease of the hemoblastoses group in this employee.

In general, almost all regions whose mosaic CNA
are preserved in the blood leukocytes of irradiated
employees are somehow related to the development of
hemoblastoses, as evidenced by the literature. In a
study by T. Pierini et al. (2016) it was shown that the
basis of leukemic cell transformation is a complex
rearrangement of chromosomes, including chromo-
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some 22 [13]. In 2007, 35 cases of mantle cell lym-
phoma characterized by extensive anomalies distrib-
uted throughout the genome, including deletions of
22q11.23—13q.33 were described [14]. Deletions and
amplifications of the long arm of the 22nd chromo-
some have also been described in several studies of
T-cell prolymphocytic leukemia [15, 16]. In a study of
mantle cell lymphoma, published in 1998, it was found
that two of the most common aberrations in this dis-
ease are amplifications of 3q and 15q. The same study
showed that in five cases of lymphomas highly ampli-
fied regions, including the region of interest 3p14—22
were present [17]. In the case of angioimmunoblastic
T-cell lymphoma, the most frequent amplifications
were localized in regions 22q and 11p11—ql14. Ampli-
fications of chromosomes 3 and 15, as well as the
region 11pl11.2—11q13.5, were less common. In two
cases, a deletion was recorded on chromosome 3,
including 3q13.3 [18].

There is also evidence showing that about a quarter
of patients diagnosed with diffuse large B-cell lym-
phoma have abnormalities of chromosome 3 [19—21].
In a study of E.M. Hartmann et al. (2010) regions of
chromosomes with CNA affecting gene expression in
mantle cell lymphoma were described. The imaginary
amplification of the region of interest 15q11.2 was also
included in the presented list of loci [22].
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In a review published in 2012, a comparative anal-
ysis of the results of studies on the detection of CNA
using the aCGH hybridization method was per-
formed. Among others the following CA characteristic
were distinguished: for patients with diffuse large B
cell bone lymphoma, amplification of the region
15q11-26 is typical, in cases of diffuse large B-cell
lymphoma, amplification of 15q12 — g21.1 is charac-
teristic, in cases of primary cutaneous B-cell lym-
phoma, amplification of 22ql3 was often detected,
and plasmablastic lymphoma was characterized by
amplification of 22q12.2—22q13.3 region [23].

CONCLUSIONS

Thus, our study of changes in the CA and CNA fre-
quency of the genetic landscape of blood leukocytes of
employees exposed to prolonged gamma irradiation
indicates the formation of self-sustaining bone mar-
row clones in the exposed individuals, the descendants
of which produce a population of aberrant cells in the
blood. Further research on the mechanisms of preser-
vation of CA, as well as the identification of clones of
aberrant cells in the bone marrow is needed. We
believe that the dynamic observation and assessment
of changes in the representation of a mutant clone may
serve as a potential marker for the subclinical stages of
hemoblastoses.
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