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S u m m a r y. The frequency and typical features of sponta-
neous chromosome instability in the lymphocytes in vitro of 
patients with verified Nijmegen breakage syndrome (NBS) 
and ataxia-telangiectasia (A-T) were evaluated. Low mitotic 
index was noted in 39% of 23 cases, whereas 7 patients with 
NBS and 7 with A-T were karyotyped successfully with spe-
cial reference to structural chromosomal abnormalities, pre-
mature chromatid separation (PCS) and polyploidy. About 
12% of NBS1 and ATM deficient lymphocytes exhibited chro-
mosomal type aberrations with particularly high incidence of 
inv(7)(p13:q35), t(7;14)(q35;q11),  t(7;14)(p13;q11), t(7;7)
(p13;q35), t(7p13;14q32), del(7)(q35), del(14)(q11). The 
chromosomes 1, 3, 8 and 9 were also often targeted. Each 3rd 
break was located in centromeric or near-centromeric regions. 
The significant incidence of cells with premature chromatid 
separation and polyploidy was also noted. The results allow 
suspect non-random association between increased chromo-
somal instability in heterochromatin regions and both PCS and 
polyploidy in NBS1 and A-T deficient cells with special refer-
ence to increased risk of cancer.
K e y w o r d s: Nijmegen breakage syndrome, ataxia-telangi-
ectasia, chromosome instability 

INTRODUCTION

DNA is constantly exposed to a number of 
exogenous or endogenous DNA-damaging agents: 
ultraviolet irradiation, natural and technogenic 
chemical mutagens, as well as peroxide compounds 
generated upon the action of ionizing radiation and 
influence of ions of heavy metals [1, 2]. Among 
multiple consequences of such damaging influence, 
generation of double strand breaks (DSBs) of DNA 
is among the most dangerous ones. These criti-
cal DNA lesions can result in cell death or a wide 
variety of genetic alterations, including deletions, 
translocations, loss of heterozygosity, chromo-

some loss or inappropriate fusions, which enhance 
genome instability and can trigger carcinogenesis. 
Presently, there are no doubts that the mentioned 
chromosomal translocations appear as a result of 
sequential combination of one or few DSBs upon 
the defective course of DNA repair [1–7].

According to the recent data, Nbs1 protein 
(p95/nibrin) is functionally related to the pro-
gram of DSBs repair at the stages of its initiation 
and termination, where the Aтм protein (Ataxia-
Telangiectasia Mutated) limits incorrect end use 
during non-homologous end joining [4–9]. The de-
fects in both courses on DNA repair are remarkably 
similar and lead to increased level of chromosomal 
instability with the appearance of quite similar 
chromosomal aberrations including translocations 
between chromosomes 7 and 14 pairs because of 
the failure of terminal stages of V(D)J recombina-
tion during immune response [8–10].

Defective course of V(D)J-recombination 
as well as ineffective repair of DSBs after its ter-
mination may be the causes of the development of 
combined congenital T and B-deficiency in heredi-
tary diseases, called Nijmegen breakage syndrome 
(NBS; OMIM 251260) and Ataxia-telangiectasia 
(A-T; OMIM 208900). Immunodeficiency and 
lymphoid malignancy are the hallmarks of human 
diseases caused by mutations in NBS1 (NBN) and 
ATM genes [3–9]. It has been supposed that the 
high incidence rate of leukemia and lymphoma in 
populations is partially linked to the great frequen-
cy of heterozygous carriers of mutated ATM gene 
(1% individuals) [9].
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In the era of molecular genetic studies, less 
attention is paid to changes in chromosomes. It is 
believed that molecular genetic markers are more 
informative and easier to access than the results of 
a classic cytogenetic analysis. At the same time, 
in oncogenic syndromes like NBS or A-T certain 
chromosomal anomalies may be indications of 
cancer cell transformations. As already mentioned, 
the spectrum of chromosomal aberrations in NBS 
and A-T is remarkably similar. It specifically  con-
cerns the translocations between chromosomes 7 
and 14 pairs, due to the failure of terminal stages 
of V(D)J recombination [8–10]. If recombination 
has occurred between the genes TCRg (7q13) and 
TCRg (7q35), i.e. inside chromosome 7, it leads to 
the formation of an inversion: inv(7)(p13;q35). If 
such recombination occurred between homologi-
cal chromosomes of  pair 7, the translocation t(7;7)
(p13;q35) is formed. Upon recombination events, 
the translocations t(7;14)(q35;q11) and t(7;14)
(p13;q11) are generated between chromosomes 7 
and 14 [11–13]. It is considered that the presence 
of specific chromosomal rearrangements provides 
the cells with some proliferative advantage, that’s 
why their content in vitro nearly10% yield in PHA-
stimulated lymphocytes is observed in patients 
with А-Т and NBS, whilst in healthy individuals 
they may be found less than in 1/500 cells [13]. 

THE AIM OF THE STUDY

The aim of the present work was to study 
typical features of chromosomal instability in the 
short-term culture of АТМ- and NBS1-deficient 
lymphocytes in Ukrainian patients with Nijmegen 
breakage syndrome and Ataxia-telangiectasia. 

MATERIALS AND METHODS

Cytogenetical study was carried out on 
11 patients with typical clinical features of Ni-
jmegen breakage syndrome and homozygous 
state of NBS1657del5 mutation, 12 children with 
clinical and laboratory features of A-T, and 23 
controls. The chromosomal preparations were ob-
tained from short-term PHA-stimulated culture of 
lymphocytes [14].  In addition, in one case of NBS 
complicated by the development of lymphoma, 
the short-term culture of bone marrow cells was 
analyzed. Chromosomal preparations were stained 
homogeneously as well using GTG and CTG band-
ing, and analyzed with reference to cytogenetic 

nomenclature, and the recommendations on 
registration of chromosomal aberrations [14, 15].

The fact of premature chromatid separation 
(PCS) was observed when at the stage of meta-
phase the sister chromatids were divided and lost 
the typical X or V-like pattern. If the number of 
prematurely divided chromosomes equaled 23-46, 
the phenomenon was considered total PCS, where-
as partial PCS was diagnosed in cases of prema-
ture separation of 1 to 20 chromosomes [16]. The 
frequency of total and partial PCS was registered 
separately, according to their own algorithm of 
chromosome division [16–18].

RESULTS AND DISCUSSION

Only in one out of 11 investigated NBS 
cases it was possible to analyze 100 m.p. in both 
blood and bone marrow cultures, probably due to 
lymphoma development.  In other 10 NBS cases 
the pronounced difference in mitotic indexes of 
cultured lymphocytes was observed: in 3 cases not 
less than 100 m.p., in 4 cases – not less than 50 
m.p., but in 3 cases - less than 10 m.p.  Finally, the 
experimental sampling of NBS cases with no on-
cological complications consisted of 500 m.p. In 7 
out of 12 examined patients with A-T, we success-
fully analyzed up to 100 m.p., while in 4 cases quite 
low mitotic index (9-25 m.p.), and total absence (1 
case) of lymphoblast proliferation was noted. In the 
case of A-T the analysis of 700 m.p was possible. 

Table 1 presents the frequency of spontane-
ous aberrations in the cultured lymphocytes from 
patients with diagnosed NBS or A-T. These data 
show a significantly higher frequency of the cells 
with chromosomal aberrations in the cultures of 
patients with NBS and A-T compared to the con-
trol group: 11.3 ± 3.3%, 5.3 ± 1.8%, 1.7 ± 0.2% 
respectively (p < 0.001). The rearrangements of 
chromosomes 7 and 14 typical for NBS and A-T 
syndromes were not found in the controls, in 2/7  
cases of NBS and in 5/7 cases of A-T. On the other 
hand, in 5/7 patients with NBS  typical rearrange-
ments of chromosomes 7 and 14 were observed in 
4-12% m.p. The structure of mentioned specific 
chromosomal rearrangements (8% of all studied 
m.p.)  comprised 3% cases of inv(7)(p13;q35), 
2% – t(7;14)(q35;q11), 1% – t(7;14)(p13;q11), 
2% – t(7;7)(p13;q35), t(7p13;14q32), del(7)(q35), 
del(14)(q11), which is in accordance with the pub-
lished data [11–13]. In 10% of cells bearing translo-
cations, the additional marker chromosomes – pos-
sibly derivatives of chromosomes 7 and/or 14 were 
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found (Figure 1). In ATM-deficient lymphocytes, 
contrary to NBS, not inter-chromosomal rearrange-
ments, but mainly the deletions in chromosomes 7 
and 14  were observed. 

The average frequency of cells with spon-
taneous nonspecific (except pairs 7 and 14) chro-
mosomal aberrations were significantly higher in 
the patients with Nijmegen breakage syndrome 
(5.6 ± 2.2% vs. 1.2% m.p. in the controls, p < 
0.001), and did not differ in the case of controls 
and A-T (Table 1). The nonspecific chromosomal 
aberrations in NBS cases mostly presented as dele-
tions, paired fragments and marker chromosomes, 
along with translocations: t(1;3)(q22;p22), t(3;7)
(p21;q11), t(2;10)(q21;p10), t(X;5)(q26;qter), 
t(5;12)(q13;qter). In the metaphase cells of NBS 
patients about 75% of nonspecific chromosomal 
aberrations were detected in chromosomes 1, 3, 8 
and 9 pairs, and each third break localized in peri-
centromeric regions, including heterochromatin 
region of chromosome 7. In addition, the rare poly-
morphic variant of larger near-centromeric hetero-
chromatin on chromosome 7 (7q11-12) was found 
in one NBS patient and his father. Along with sig-
nificant frequency of specific and nonspecific chro-
mosomal aberrations, the examined lymphocytes 
of the patients with NBS and A-T demonstrated 
polyploidy and centromeric instability which mani-
fested mainly as total or partial premature chroma-
tid separation of metaphase chromosomes (Table 2, 
Figures 2 and 3).

The cells with total PCS (Figure 2) were 
found in 12 out of 14 patients with A-T and NBS, 
and their average content yielded 2.9 ± 0.9% and 
2.3 ± 1.0% of metaphase cells respectively vs. near-
ly total absence in the controls upon the analysis of 
100 m.p. in each case (p < 0.001). In single NBS 
cases complicated by lymphoma, total PCS was 
found in 54% of bone marrow cells, and in 40% 
of cultured lymphocytes. Upon the analysis of 100 
m.p. per individual, no polyploid cells were found 
in the control samples of cultured lymphocytes, 
whereas their frequency was significantly elevated 
among A-T and NBS samples (0.9 ± 0.4 and 1.2 ± 
0.7% m.p. respectively, p < 0.01) (Table 2). 

The phenomenon of partial PCS (Figure 3, 
Table 2) was noted in the majority of cases of the 
control and experimental groups with nearly equal 
frequency: 1-3 per 100 m.p.  In the control group, 
the majority of PCS-cells demonstrated PCS of 
one chromosome, in some cases – PCS of 2 or 3 
chromosomes, and never – of 4 and more chromo-
somes. Partial PCS in the A-T and NBS patients 

was markedly associated with premature division 
of chromosomes 2 or 3 along with the appearance 
of representative pool of cells with PCS of more 
than four chromosomes (Table 3).

In the control group, premature chromatid 
separation was detected only in the chromosomes 
of group C (6, X, 11-12) and E (18), and only in 
single cases the premature division of chromosome 
3 (A group) was registered (Table 4). In the cul-
tured lymphocytes of the A-T and NBS patients, 
PCS significantly influenced all known chromo-
somes, except of group E (Table 4).  The frequency 
of PCS-chromosomes in the group B (4-5) and D 
(13-15) in the cases of A-T, and the groups A (2-
3) and B (4-5) in the cases of NBS was markedly 
elevated. So, the increased induction of premature 
division of chromosomes in group B was found to 
be a common feature of cytogenetic phenotype of 
A-T and NBS. 

The principally distinctive difference be-
tween NBS and A-T cases was the total absence of 
PCS-chromosomes in  group A in A-T cases com-
pared to its significant prevalence among NBS-de-
ficient cells, as well as the absence of PCS group 
D chromosomes in NBS cases vs its significant in-
crease among ATM-deficient lymphocytes in vitro 
(Table 4). Earlier, paradoxically high rate of cells 
with PCS of 3-38 chromosomal set and non-occa-
sionally frequent PCS of D-group chromosomes 
was described in 2 A-T cases [19]. Our results con-
firm the significant elevation of PCS-D in the cells 
of patients suffering from A-T. Moreover, for the 
first time we described the significant induction of 
PCS in B-group chromosomes in ATM-deficient 
lymphocytes, and selective increase in PCS of both 
A- and B-group chromosomes in NBS-deficient 
lymphocytes.

The results of our study found increased fre-
quency of non-specific chromosomal aberrations, 
which allows to suggest that cytogenetic pheno-
type of ATM- and NBS1-deficient lymphocytes 
in vitro is not limited by the formation of specific 
translocations with preferable involvement of chro-
mosomes 7 and 14. In the studied cases of A-T and 
NBS, a wide spectrum of additional cytogenetic 
failure was found, including selective increase in 
the chromosomal-type aberrations, elevated chro-
mosomal fragility in centromeric and near-centro-
meric regions, significant number of the cells with 
premature division of all chromosomes (total PCS) 
and polyploidy, markedly increased incidence of 
partial PCS in 2-3 chromosomes, occurrence of 
PCS in 4 and more chromosomes of the set, absent 
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in the control group. Along with the significant in-
crease of PCS of all known chromosome groups, 
the selective elevation of specific PCS content tar-
geting D and B chromosomes in A-T, and A and B 
chromosomes in NBS cases was shown. 

Premature chromatid separation, isolated or 
combined with mosaic variegated aneuploidy or 
structural chromosomal abnormalities were detect-
ed in the cells of patients suffering from different 
oncological diseases [16, 20–23, 26]. Our own re-
sults are also pointing to the expediency of consid-
ering the phenomenon of total and partial PCS and 
polyploidy of karyotype of lymphocytes in vitro in 
practical cytogenetic study of Ataxia-Telangiec-
tasia and Nijmegen breakage syndrome. Such ap-
proach seems to be perspective for the prognosis 
of oncogenic risk in cases of heterozygous carriers 
of mutations in ATM and NBS1 genes suggesting 
high probability of induced centromere chromo-
somal instability. The cells with total PCS may be a 
source of oncogenic transformation via their ability 
to polyploidization of karyotype in the next mitotic 
cycles [16–18, 24–25]. We assume that this mecha-
nism may be due to an increased susceptibility of 
the patients with A-T and NBS to the development 
of lymphoproliferative processes. Easy identifica-
tion of PCS phenomenon and centromeric fragility 
allows to reveal the limits of chromosomal instabil-
ity after which an oncogenic transformation of the 
cells may be initiated.

CONCLUSIONS

The significant incidence of mitotic cells 
with signs of centromeric (pericentromeric) fragil-
ity, premature chromatid separation and polyploidy 
was found in ATM- and NBS1-deficient lympho-
cytes, along with the appearance of specific rear-
rangements of chromosomes 7 and 14. The phe-
nomena of premature chromatid separation of all 
chromosomes (total PCS) and polyploidy are not 
characteristic of cultured lymphocytes of healthy 
individuals, however they significantly appeared in 
the cells of homozygous and heterozygous carriers 
of mutated NBS1 and ATM genes. The increased 
frequency of the cells with premature division of 3 
and more chromosomes of the karyotype is a typi-
cal feature of in vitro ATM- and NBS1-deficient 
lymphocytes compared with the cells from healthy 
individuals.  Selective induction of premature chro-
matid division of group B chromosomes is a com-
mon pattern of cytogenetic phenotype of ATM- and 
NBS1-deficient lymphocytes, whilst the selective 

induction of PCS-chromosomes from  group D is 
associated with ATM-deficiency, and PCS-chromo-
somes from group A – with NBS1-deficiency. An 
increased induction of total and partial PCS in the 
case of Nijmegen breakage syndrome complicated 
by the development of non-Hodgkin’s malignant 
lymphoma suggests possible relation of prema-
ture chromatid separation in mitotic cells with the 
formation of genome’s instability upon oncogenic 
transformation. 
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Fig. 1. Specific chromosomal 
rearrangement in vitro in lymphocytes of the 
patients with Nijmegen breakage syndrome and 
ataxia-telangiectasia: translocation between 7th and 
14th chromosomes: t(7;14)(p13;q11). GTG-
staining. Mag. x 100. 

Fig. 2. Total premature division of 
chromosomes (total PCS). Part of the chromosomes 
demonstrate a non-parallel placement of sister 
chromatids (splayed chromatids), that are placed at 
a significant distance one from other. Homogenous 
staining. Mag. x 100. 

Fig. 3. Partial PCS of more than 4 
chromosomes of chromosomal set. Parallel and 
tight placement of sisterly chromatids in 
prematurely divided chromosomes. CTG-staining. 
Mag. x 100. 

 
Table 1. Frequency of metaphase plates (m.p.) with spontaneous chromo

in lymphocytes in vitro in patien
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cases/ 
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7 and 14 
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Control 23/2300 1.2 ± 0.2 0 1.
NBS 7/500 11.3 ± 3.3 7.8 ± 1.4 5.
A-T  7/700 5.3 ± 1.8 4.0 ± 2.6 1.
p1  0.001 < 0.001 <

p2  0.001 < 0.001 >

 
p1– significant difference between NBS cases and Notes: 

 
 p2 – significant difference between А-Т cases and 

 
 

 
Table 2. Frequency of metaphase plates (m.p.) with premature chrom
vitro in patients with NBS and А-Т  

 

 Number of 
cases/m.p. Total PCS 

Control 23/2300 0.04 ± 0.04 
NBS 7/500 2.3 ± 1.0 
A-T  7/700 2.9 ± 0.9 
p1  < 0.001 
p2  < 0.001 

Fig. 1. Specific chromosomal rearrangement in vitro in 
lymphocytes of the patients with Nijmegen breakage 
syndrome and ataxia-telangiectasia: translocation 
between 7th and 14th chromosomes: t(7;14)(p13;q11). 
GTG-staining. Mag. x 100.
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chromatids (splayed chromatids), that are placed at 
a significant distance one from other. Homogenous 
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Fig. 3. Partial PCS of more than 4 
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vitro in patients with NBS and А-Т  
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cases/m.p. Total PCS 

Control 23/2300 0.04 ± 0.04 
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Fig. 3. Partial PCS of more than 4 chromosomes of 
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Table 1. Frequency of metaphase plates (m.p.) with spontaneouschromosomal aberrations in lymphocytes in vitro 
in patients with A-T and NBS

Number of 
cases/m.p.

% m.p. with chromosomal aberrations
Chromosomes 
7 and 14 Other chromosome 

type (I) chromatidtype (II)
Ratio
I/II

Control 23/2300 1.2 ± 0.2 0 1.2 ± 0.2 0.2 ± 0.1 1.0 ± 0.2 1 : 5
NBS 7/500 11.3 ± 3.3 7.8 ± 1.4 5.6 ± 2.2 10.0 ± 3.1 1.7 ± 0.7 5.9 : 1
A-T 7/700 5.3 ± 1.8 4.0 ± 2.6 1.3 ± 0.5 4.3 ± 2.1 1.0 ± 0.3 4.3 : 1
p1 0.001 < 0.001 < 0.001 < 0.001 > 0.05

p2 0.001 < 0.001 > 0.05 < 0.001 > 0.05

Notes: p1– significant difference between NBS cases and controls 
p2 – significant difference between А-Т cases and controls 

Table 2. Frequency of metaphase plates (m.p.) with pre-
mature chromatid separation or polyploidy in  lympho-
cytes in vitro in patients with NBS and А-Т 

Number 
of 
cases/
m.p.

% m.p. 

Total 
PCS Polyploidy Partial 

PCS

Control 23/2300 0.04 ± 
0.04 0 1.4 ± 0.3

NBS 7/500 2.3 ± 1.0 1.2 ± 0.7 2.8 ± 1.5
A-T 7/700 2.9 ± 0.9 0.9 ± 0.4 1.4 ± 0.9
p1 < 0.001 < 0.01 > 0.05
p2 < 0.001 < 0.05 > 0.05

Notes: p1– significant difference between NBS 
cases and controls
p2 – significant difference between A-T 
cases and  controls

Table 3. Frequency of metaphase plates (m.p.) with partial 
PCS of different chromosome number in lymphocytes in vi-
tro in the patients with A-T and NBS

Num-
ber of 
m.p.

% 
m.p. 
with 
partial 
PCS

% m.p. with PCS of  

certain chromosome number 

1 2 3 >4

Control 2300 1.4 ± 
0.3

1.1 ± 
0.2

0.2 ± 
0.1

0.04 ± 
0.04 0

NBS 450 2.8 ± 
1.5

0.8 ± 
0.8

0.2 ± 
0.2 0.2 ± 0.2

1.6 
± 
1.3

А-Т 700 1.4 ± 
0.9

0.1 ± 
0.1

0.4 ± 
0.3 0.6 ± 0.5

0.3 
± 
0.3

p1 > 0.05 > 0.05 > 0.05 > 0.05 < 
0.01

p2 > 0.05 < 0.05 > 0.05 < 0.05 < 
0.05

Notes: p1– significant difference between NBS 
cases and controls
p2 – significant difference between A-T 
cases and controls
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Table 4. The frequency of PCS chromosomes of different chromosomal groups in lymphocytes in vitro in the 
patients with A-T and NBS

Frequency of PCS-chromosomes in the  groups (per 100 m.p.)
Total A B C D E F G

Control 1.9 0.1 0 0.9 0 0.9 0 0
NBS 7.0 1.2 1.2 3.0 0 0.8 0.4 0.4
А-Т 5.8 0 0.6 2.6 0.4 1.4 0.6 0.2
p1 <0.05 <0.05 <0.001 <0.05 >0.05 >0.05 <0.05 <0.05
p2 >0.05 >0.05 <0.001 <0.05 <0.01 >0.05 <0.05 <0.05

Notes: p1– significant difference between NBS cases and controls
p2 – significant difference between A-T cases and controls


