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Context: The study of genome integrity in some genetic disorders has diagnostic and prognostic importance because
of the evident relationship between genome instability and both DNA repair deficiencies and cancer predisposition.

Objective: The objective was to compare the chromosomal and DNA damage responses in lymphocytes from
patients with Nijmegen breakage syndrome (NBS), Fanconi anemia (FA) and Williams-Beuren syndrome (WBS) to
find additional biomarkers of genome instability.

Methods: The cytogenetic approaches were combined with the alkaline Comet assay to estimate genome integrity in
cultured or freshly isolated and H,O,-treated lymphocytes.

Results: Basal frequencies of chromosome aberrations were significantly increased in NBS/FA probands and NBS
heterozygous carriers. The NBS diagnosis was confirmed by detecting site-specific rearrangements, while the
mitomycin C (MMC)-stress test was highly positive in a FA patient. Among patients with suspected WBS, 12 individuals
had a 7q11.23 microdeletion. In the Comet assay, genome instability was revealed in all three disorders, impaired
capacity to repair oxidative damage being observed in NBS and WBS in contrast to FA and controls.

Conclusion: The results indicate that the estimates of DNA damage response may be proposed as efficient biomarkers
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for detecting and characterizing genome instability in the genetic disorders under study.

Keywords: Genome instability, chromosome aberrations, DNA damage, DNA repair, genetic disorders

Introduction

Some genetic disorders including rare autosomal
recessive diseases, viz., Nijmegen breakage syndrome
(NBS, OMIM #251260) and Fanconi anemia (FA, OMIM
#227650), are characterized by increased frequency of
spontaneous chromosome aberrations and hypersensi-
tivity to certain clastogenic factors. Along with some oth-
ers, they belong to the group of chromosome instability
syndromes (CISs), which are also accompanied by multi-
ple congenital malformations, immunologic/hematopoi-
etic deficiencies and cancer predisposition (Taylor 2001).
Unlike monogenic diseases, Williams-Beuren syndrome
(WBS, OMIM #194050) arises from a microdeletion of the
critical region within band 7q11.23 having an autosomal

dominant inheritance and cardiac defects and a specific
neurodevelopmental/behavioral profile as predominant
phenotypic manifestations (Tassabehji 2003; Martens
etal. 2008).

The autosomal recessive chromosome instability
and hyper-radiosensitivity NBS was shown to arise
from a mutation in the NBSI gene at 8q21; an unex-
pectedly high carrier frequency of the major 657del5
mutation (1/177) was found in the three Slavic popula-
tions (in the Czech Republic, Poland and the Ukraine)
(Varon et al. 2000; Seemanova et al. 2006) that greatly
exceeds its prevalence in the German population
(1:866) (Carlomagno et al. 1999). The estimated carrier
rate for mutations associated with FA is approximately
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1:300 in the American and European populations, and
as high as 1:90 among Ashkenazi Jews (Peleg et al.
2002; Kook 2005). These mutations have been reported
to affect DNA double-strand break (DSB) repair lead-
ing to chromosomal breakage and cell malignancies
(Williams et al. 2007; Li & Heyer 2008) and increasing
cancer risk in heterozygous carriers (Seemanova et al.
2006; Berwick et al. 2007; di Masi & Antoccia 2008).
Microarray analysis of cells from NBS carriers and nor-
mal controls revealed significant differences in expres-
sion profiles of 520 genes, and a combination of 16
genes allowed 100% correct classification of individuals
as either NBS carriers or non-carriers (Cheung & Ewens
2006). Among the down-regulated pathways, there was
homologous recombination repair, in which, the NBSI
gene product, nibrin, forms a complex with RAD50 and
MRE11 at double-strand breaks. In addition, two other
repair pathways (the MAD1- and MAD2-mediated
mitotic spindle checkpoint, and the XPG- and ERCC1-
dependent nucleotide excision repair) were also down-
regulated. These findings suggested that although NBS
is arecessive disorder, carriers have distinctive features
in their DNA repair patterns compared to non-carriers
that may be important prognostic indicators of malig-
nancies (Cheung & Ewens 2006).

WBS usually occurs sporadically with an estimated
prevalence of 1 in 7500-20000 newborns (Tassabehji
2003). Available literature has put the main emphasis
on WBS-associated microdeletion, this chromosomal
defect being directly related to the genomic structure of
the critical region of chromosome 7 (Bayés et al. 2003;
Schubert 2009).

Cytogenetic approaches are generally accepted in
diagnostics of CISs with detecting site-specific chro-
mosome aberrations and hypersensitivity to cross-
linking agents in NBS and FA cells, respectively (Hiel
etal. 2000; Cohen et al. 1982), whereas the fluorescence
in situ hybridization (FISH) test is still remaining the
widespread and effective tool to verify WBS (Shaffer
et al. 2007). The objective of the present pilot study was
to compare the cytogenetic data with the DNA damage
response in lymphocytes from patients with NBS, FA
and WBS as well as from NBS or FA heterozygous car-
riers to find additional effective biomarkers of genome
instability, which would be helpful to clarify mecha-
nisms and/or events possibly contributing to patho-
genesis of these genetic disorders and could be used as
potential predictors of cancer risk.

Materials and methods

Study subjects

From patients of the Republican Scientific & Practical
Center (RSPC) “Mother and Child’, the following groups
were selected: (1) five patients with clinical manifesta-
tions of NBS; (2) one patient clinically suspected of FA;
(3) relatives of the patients with suspected CISs (eight
subjects); (4) twelve patients with WBS.

Clinically healthy residents of Belarus, belonging to
Eastern Slavic population, were recruited to the control
group, which included 35 donors-volunteers aged from
22 to 63 years old. The previous study demonstrated no
correlation between age and levels of DNA damage in
lymphocytes of healthy people (Smal et al. 2010; Savina
et al. 2011); therefore this group was used for compari-
son with groups of patients examined. Informed consent
was obtained from each subject for inclusion in the study
and before the collection of blood samples. All subjects
completed a questionnaire covering medical, residential
and occupational history as well as lifestyle habits. It was
ensured that subject anonymity was kept. It should be
emphasized that controls were exposed neither occu-
pationally nor environmentally to mutagenic pollutants
as well as they maintained a healthy lifestyle (e.g. non-
tobacco cigarette smoking).

Blood sampling, lymphocyte isolation and treatment
Blood sampling was performed by the staff of the RSPC
“Mother and Child” by means of venous puncture. For
the Comet assay, 1-2mL peripheral blood was collected
into the heparinized vacutainer tubes and kept at 4°C for
not longer than 2h.

Lymphocytes were isolated from whole blood samples
by centrifugation over 2.5mL Histopaque at 1500 rpm
for 30 min. Then lymphocytes were washed twice with
Roswell Park Memorial Institute medium (RPMI) 1640,
suspended in cold PBS, and exposed to oxidative stress.
For this purpose, lymphocytes were treated with hydro-
gen peroxide (100 pM H,0,) at 4°C 1 min, and the chemi-
cal was removed by washing with cold PBS. Intact and
treated lymphocytes were incubated in RPMI 1640 with
10% fetal bovine serum (FBS) during a 3-h period at 37°C.
Cell viability was traditionally evaluated with the trypan
blue exclusion test.

Estimation of the endogenous and mutagen-induced
DNA damage, DNA repair kinetics and efficiency

All the reagents and procedures for the alkaline Comet
assay (single cell gel electrophoresis) were used as
described elsewhere (Tice et al. 2000; Collins 2004). The
procedures included slide preparation; lysis of cell mem-
branes for DNA elution by keeping the slides in the cold
lysing solution (2.5M NaCl, 10mM EDTA, 10mM Tris,
pH 10) for 1h; DNA unwinding in fresh electrophore-
sis buffer (1mM EDTA, 300mM NaOH) for 20 min and
horizontal electrophoresis for 20 min at 1V/cm, 300 mA
and pH > 13. After electrophoresis, slides were washed
twice for 5 min with 0.4 M Tris buffer (pH 7.5) for neutral-
ization and then fixed in ice-cold 96% ethyl alcohol for
10 min. Slides were stained with ethidium bromide and
analysed with a fluorescence microscope Olympus BX-50
equipped with a 100W mercury lamp and an excitation
filter of 510-550 nm. Visual estimation of DNA damage in
arbitrary unites (a.u.) was carried out according to pub-
lished recommendations (Collins et al. 1994). Two slides
were prepared for each point of analysis, and at least 100
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cells were scored per each of two replicate slides by one
researcher that provided the concordance between the
results. The levels of DNA damage were calculated as
average values.

Endogenous DNA damage was evaluated after
180 min incubation of intact lymphocytes in RPMI 1640
with 10% FBS. The initial level of induced DNA damage
was estimated immediately after mutagenic treatment
of lymphocytes, i.e. at 0 min, and the residual level of
oxidative DNA damage was measured 180 min after
exposure.

To estimate DNA repair kinetics, samples of the H,0,-
treated lymphocyte suspension were collected 0, 15, 30,
60, 120 and 180 min after mutagenic exposure.

DNA repair efficiency (RE) was calculated as percent-
age of DNA lesions eliminated relative to their initial
level, i.e:

RE, = [(IF, - IE,)/IE,] X 100

Where RE, is the repair efficiency at the given time point;
IF and IF, are the frequencies of induced DNA damage at
O0min and subsequent time points, respectively.

Cytogenetic analysis

Heparinized venous blood samples were used to pre-
pare phytohemmaglutinin-stimulated cell cultures
according to the standard procedures. For karyotype
examination, 72-h lymphocyte cultures were used for
GTG-banding technique with a resolution of 600 bands
per haploid karyotype according to International
System for Human Cytogenetic Nomenclature (Shaffer
et al. 2009). At least 25 metaphases were routinely
analysed for each patient. To analyse the frequency and
spectrum of chromosome aberrations, 48-h cultures of
peripheral blood lymphocytes were used for standard
chromosome preparations. No less than 100 meta-
phases per individual were scored for different types of
chromosome abnormalities.

Lymphocytes collected from a patient with suspected
FA and his mother were additionally investigated using
the MMC-stress test, which measures the frequencies
of chromosome aberrations induced by mitomycin C
(MMC) as compared to normal cells. This method is a
widespread cytogenetic approach to diagnose this dis-
ease because of chromosomal hypersensitivity to cross-
linking agents in FA cells (Cohen et al. 1982; Rosendorff
& Bernstein, 1988; Talwar et al. 2004; Tootian et al. 2006).
For this purpose, the cross-linking agent MMC was added
to cultured lymphocytes (48-h culture) for 24 h at a final
concentration of 0.1 pg/mL. Routinely, 100 metaphases
per culture (MMC-treated and untreated) were scored
and the clastogenic effects of MMC in FA homo- and
heterozygous cells were compared with those in lympho-
cytes of healthy subjects.

A molecular cytogenetic approach was chosen to
detect the microdeletion in the critical region of chro-
mosome 7 in patients with clinically suspected WBS.

© 2012 Informa UK, Ltd.
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Two-colour FISH, applying the locus-specific DNA
probes LSI Williams-Beuren Region Probe (Q-biogene,
Germany) and Williams Region Probe (Vysis Abbott
Molecular, USA), was performed according to accepted
procedures (Rautenstraus & Liehr 2001). Analysis of
probe hybridization on metaphase chromosomes was
carried out with a DMLB fluorescence microscope
(Leica, Germany) equipped with the necessary fluores-
cence filters.

Statistical analysis

The frequencies of chromosome aberrations in various
groups of individuals were compared with the control data
by means of Student’s ¢-test, whereas the individual values
were compared using a Fisher’s exact test. In the Comet
assay, the results shown are the means + standard error (SE)
in each group of individuals. The statistical significance of
differences between these values was determined accord-
ing to Student’s #-test. Group data on DNA repair kinetics
were plotted as power-behaved dependence of DNA lesion
yields on time of strand break rejoining. The data concern-
ing the control and patient groups in the logarithmic coor-
dinates were compared by means of regression analysis,
and significant differences between the linear regression
coefficients were determined with the #-test as described
in a previous report (Savina et al. 2011).

Results

Diagnostics of NBS, FA and WBS was based on both
clinical manifestations and results of laboratory cyto-
genetic and molecular cytogenetic analysis of cultured
peripheral blood lymphocytes. According to the results
of these investigations, NBS was diagnosed in five cases
and FA was confirmed in one patient. Diagnosis of WBS
was verified by metaphase FISH-testing for a 7q11.23
microdeletion, which was identified in 12 patients with
clinical manifestations of this syndrome. Cytogenetic
characteristics of lymphocytes from all patients as well as
from their relatives are presented in Table 1.

The standard karyotyping technique showed normal
karyotypes in all cases. Cytogenetic analysis of blood
samples collected from donor-volunteers showed indi-
vidual variations in chromosome aberration frequencies
from 1% up to 6%, with an average rate of 2.50+0.35%.
Frequencies of chromosomal abnormalities were usu-
ally increased in NBS and FA probands, especially in
patients 3/632, 4/635 and 13/638. A similar tendency was
observed in their parents. In NBS probands, the spectrum
of aberrations was shifted towards chromosomal type of
rearrangements, which constituted 57% versus 30% in the
controls. Additionally, 100 GTG-banded metaphases per
each patient with clinically suspected NBS were scored for
site-specific chromosome aberrations in chromosomes 7
and/or 14. Diagnostically significant cytogenetic markers
were identified in all five patients, viz. inv(7)(p15q35) and
del(7)(g35) in patients 1/512; t(7;7)(p13;q35) in patient
2/542; inv(7)(p15935) and t(14;14)(q12;q32) in patient
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Table 1. Data on chromosomal aberration analysis in individuals involved in the study.

Frequency, % Rearrangement types, %
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For personal use only.

Number/code Metaphases (1) Aberrant cells Aberrations Chromosomal Chromatid
Healthy donors
Control 2000 2.50+0.35 2.50+0.35 0.75+0.19 1.75+0.29
NBS probands
1/512 100 5 5 3¢ 2
2/542 100 7 7 3¢
3/632 100 21° 21° 15° 6°
4/635 100 220 23b 12° 11°
5/759 100 15° 16° 8v 8>
Total (5) 500 14.0+3.49¢ 14.4+3.63¢ 8.2+2.44 6.2+1.56°
NBS parents
6/643 (mother) 100 62 6? 0 6*
7/633 (mother) 100 5 5 2 3
8/634 (father) 100 8b 8b 1 72
9/636 (mother) 100 8> 8° 4 4
10/637 (father) 100 5 5 0 5
11/759 (mother) 100 4 4 2 2
12/759 (father) 100 3 3 1 2
Total (7) 700 5.57+0.724 5.57+0.724 1.43+0.53 4.14+0.74°
FA proband
13/638 100 38° 56° 8 48>
FA parent
14/639 (mother) 100 6° 6° 1 5
MMC-test in lymphocytes from FA proband and a carrier of FA-associated mutations
Control 550 17.45+1.62 21.64+1.76 3.64+0.8 18.0+1.64
13/638 20 100° 245P 5 44
14/639 100 10 10 1 9
WBS probands
Total (12) 1300 3.83+0.37° 3.83+0.37¢ 0.96+0.28 2.88+0.26

For NBS obligatory heterozygotes: No. 6 is a patient 2/542 mother; No. 7, 8 are patient 3/632 parents; No. 9, 10 are patient 4/635 parents;

No. 11, 12 are patient 5/759 parents.

Statistically significant differences according to a Fisher’s exact test (*p <0.05; ’p<0.01) or Student’s ¢-test (p < 0.05; 4p<0.01).

3/632; inv(7)(p15q35), t(7;14)(p15;q12), and del(14)(q12)
in patient 4/635; t(7;14)(p15;q12), t(7;14)(q35;q11) and
t(1;14)(p35;q11) in patient 5/759. Increased chromosome
breakage was also observed in obligatory NBS heterozy-
gotes. In this case, aberrant cells occurred at a frequency
of 5.57% that exceeded the control level by more than two-
fold. The MMC-stress test was highly positive in cultured
lymphocytes from patient 5/638 with clinically suspected
FA, since the frequency of MMC-induced chromosome
aberrations reached 245%, whereas chromosome break-
age in response to MMC in an obligatory carrier was
within the ordinary range. In WBS patients, the average
frequency of chromosome aberrations was slightly higher
than in the control sample.

Briefly, pronounced chromosome instability was
determined in NBS and FA patients and, to a lesser
degree, in NBS heterozygous carriers. In WBS patients,
chromosomal instability concerned only the 7q11.23
critical region resulting in a specific microdeletion.

Simultaneously, DNA damage response was estimated
accordingto the approach proposed forrevealinggenome
instability in various risk groups (Smal et al. 2010), i.e.
the same blood samples were tested for endogenous and

H,0,-induced DNA damage, and for DNA repair capacity
using the alkaline Comet assay.

As shown in Table 2, the levels of endogenous DNA
damage in lymphocytes from patients with NBS and WBS
as well as in NBS heterozygous carriers were significantly
higher than in the controls. The levels of H,0,-induced
DNA damage (initial and/or residual) were increased
in all samples, significant differences from the control
values being established for the residual level in lympho-
cytes from NBS probands and their parents, and overall
in WBS cells. Only one patient with FA was examined in
the present study, therefore any conclusion may be pre-
mature in respect of the data obtained. Nevertheless, the
initial level of induced DNA damage seems indicative of
the high sensitivity of lymphocytes to oxidative stress in
this case. It should be also noted that the residual levels
of oxidative DNA damage significantly exceeded the
basal levels in NBS cells, whereas a similar trend was
not statistically proved in WBS lymphocytes (p=0.065),
possibly because of wide individual variations of these
values (21-71 a.u.). Nevertheless, RE indices indicated
an appreciable reduction in DNA repair capacity in both
NBS and WBS cells.
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Table 2. DNA damage response in lymphocytes from individuals involved in the study.

Endogenous
DNA damage
(a.u.) DNA damage induced by H,0, (a.u.) DNA repair efficiency (%)

Groups 180 min 0 min 15 min 60 min 180 min 15 min 60 min 180 min
Control 9.13+0.79 85.63+4.38 39.17+5.78 22.79+2.05 13.32+1.07 52.67+3.52 72.09%+2.25 83.19+1.48
NBS (children) 24.00+1.53° 90.67+12.81 60.17+10.65 45.33+8.67 34.25+3.20%° 36.35+6.74 53.94%+4.13* 60.79+6.74°
NBS (parents) 22.67+2.19¢ 110.57+14.65 62.14+10.35 30.67+7.09 21.33+2.73¢° 42.91+8.25 74.34%+2.38 80.14+2.99
FA (child) 17.0 143.0 57.25+2.25 37.0 21.0+2.68 59.58+1.28 74.13 84.20+1.87
FA (mother) 13.0 101.0 76.0 20.0 12.0 24.75 80.20 88.12
WBS 28.20+4.62¢ 104.88+8.69 69.88+5.39¢ 54.13+5.419 48.86+8.66¢ 38.19+5.16¢ 52.87+5.88¢ 53.89+9.56¢

Statistically significant differences according to Student’s ¢-test: between controls and NBS homozygotes (*p=0.0033 and 0.0034 for
endogenous and residual levels of DNA damage; p=0.0062 and 0.0043 for DNA repair efficiency 60 and 180 min after exposure); between
residual and background levels of DNA damage in NBS homozygotes (*p=0.044); between controls and NBS heterozygotes (p=0.001 and
0.029 for endogenous and residual levels of DNA damage); between controls and WBS cells (p=0.002 for endogenous damage; 0.0009,
0.0004 and 0.007, for H,0,-induced DNA damage 15, 60 and 180 min after exposure; p=0.039, 0.016 and 0.024 for DNA repair efficiency

15, 60 and 180 min after exposure).

When measuring DNA strand breaks and their
rejoining, some peculiarities of DNA repair process
were revealed in lymphocytes from patients compared
to healthy individuals. Although overall yields of H,O,-
induced lesions depending on time of sampling fit well
to the power equations (Figure 1A), a comparison of
the curves shows well-marked differences between
NBS homozygotes and controls, between NBS and FA
homozygotes and between WBS cells and normal lym-
phocytes. These patterns are more visible in the semi-
logarithmic plot (Figure 1B), since the slopes of repair
kinetics closely resemble each other in NBS homozy-
gotes and WBS cells being clearly different from those
in FA and control samples. Notably, the DNA repair
profile in FA lymphocytes is identical to that in normal
lymphocytes. When comparing the coefficients of lin-
ear regression (—0.36 for controls, and -0.17, —0.2 and
-0.37 for WBS, NBS and FA, respectively), a significant
delay in DNA repair in WBS and NBS cells was also
confirmed (p<0.05). Analysis of the results shows an
impaired capacity to repair oxidative DNA damage in
NBS and WBS cells in contrast to control and FA sam-
ples. These data fully conform to RE values (Table 2),
which have a tendency to decrease in the following
order: Control=FA > WBS =NBS.

In summary, lymphocytes from patients with estab-
lished diagnoses of NBS and FA were used to model
conditions promoting chromosome/genome instabil-
ity. Genome integrity in these cells was compared to
that in lymphocytes from patients with WBS, which
was not directly associated with chromosomal break-
age. Nevertheless, the proposed approach allowed
detection of hallmarks of genome instability in all three
disorders. Based on these data, we may conclude that
DNA oxidative damage repair is delayed in lympho-
cytes from NBS patients, whereas both high sensitivity
to oxidative stress and the functional competence in
repair of oxidative DNA damage appear to be distinc-
tive of FA cells. Increased levels of endogenous and
residual H,0,-induced DNA damage indicate somewhat

© 2012 Informa UK, Ltd.
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Figure 1. DNA repair kinetics in H,O,-treated lymphocytes
from patients with NBS, FA and WBS as compared to healthy
individuals. (A) Experimental observations and (B) Logarithmic
transformation.

genome destabilization in NBS heterozygous carriers.
An abnormal DNA damage response has been unex-
pectedly found in WBS patients.
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Discussion

Genome integrity was estimated in such genetic disor-
ders as NBS, FA and WBS that have different underlying
molecular mechanisms. Admittedly, two first diseases
are associated with DSB repair deficiencies leading to
genome destabilization that, in turn, triggers malignan-
cies in hematopoietic and other tissues. The impact of
NBS and FA heterozygosity on carcinogenesis, on the one
hand (see Introduction), and the strong relationships
between genome instability and cancer risks, on the
other hand (Streffer 2010), have stimulated a search for
more biomarkers of genome instability in patients with
clinically suspected diseases and their families.

It should be noted that the spontaneous frequencies
of chromosome aberrations (2.50+0.35%) in the con-
trol group exactly corresponded to values determined
earlier in the large groups of Belarusian children and
adults (Polityko & Egorova 2001, Polityko et al. 2002).
Pronounced chromosome instability was determined
in NBS and FA patients due to significantly increased
frequencies of spontaneous chromosome aberrations,
the presence of site-specific clonal rearrangements in
NBS cells and chromosomal hypersensitivity to MMC
in FA cells. Significantly elevated chromosomal break-
age was detected in NBS heterozygous carriers. A slight
increase in the average rate of chromosome aberrations
was observed in WBS patients; however in the latter case,
individual frequencies of chromosomal abnormalities
remained within the limits of variability in a healthy
population (Savina et al. 2011).

Along with generally accepted cytogenetic markers,
the cellular response to DNA damage and DNA repair
capacity were studied as described above. The results of
both approaches usually coincided with each other, and
cytogenetic data were in-line with findings, suggesting
diagnostic relevance of increased chromosome aberra-
tion rates in NBS homo- and heterozygotes (Hiel et al.
2000; Tanzanella et al. 2003), whereas the MMC-stress
test, being principal in defining FA (Cervenka et al.
1981; Rosendorff & Bernstein 1988; Talwar et al. 2004;
Tootian et al. 2006), failed to discriminate between
obligatory heterozygous carriers of FA-related muta-
tions and healthy individuals (Rosendorff & Bernstein
1988; Pearson et al. 2001; Mohseni Meybodi et al. 2007).
Unlike these disorders, routine cytogenetic analysis of
lymphocytes did not reveal obvious chromosome insta-
bility in patients with WBS, whereas an abnormal DNA
damage response was initiated by a contiguous gene
deletion within WBS-critical region of chromosome 7
(Savina et al. 2011).

Interestingly, studies of genome integrity in cells from
FA and NBS homo- and heterozygotes, mainly dealing
with evaluation of cellular radiosensitivity by the Comet
assay, demonstrated increased baseline levels of DNA
damage in both disorders, but provided rather conflict-
ing data concerning cell responses to ionizing radiation.
High initial DNA damage rates and delayed DNA repair

were found in irradiated cells from NBS and FA patients
(Djuzenova et al. 2001; Djuzenova & Flentje M 2002;
Biirger et al. 2006), although the similar approach did not
allow discrimination between FA patients, healthy donors
and heterozygotes in other investigation, suggesting that
MMC-induced DNA damage was the better index for
diagnosis of FA compared to y-rays (Mohseni Meybodi &
Mozdarani 2009). At the same time, monitoring the repair
kinetics4 h after cellirradiationindicated areduced capac-
ity to repair DNA damage in leukocytes from FA patients
as opposed to cells from healthy people and heterozygous
carriers (Mohseni Meybodi et al. 2009).

Specific features of genome instability have been
revealed in all three disorders due to our approach.
Presumably, oxidative base damage and single strand
breaks are predominantly measured under the proposed
experimental conditions. Some diversity in the Comet
data between NBS and FA homozygotes appears to be
caused by unique molecular mechanisms and non-
equivalent contribution of oxygen metabolism to patho-
genesis of these diseases. The NBSI gene product, nibrin,
is known to be closely associated with DSB repair and to
interact with ATM-kinase (Lee & Lim 2006), which is an
important sensor of reactive oxygen species in mamma-
lian and human cells (Ito et al. 2007, Guo et al. 2010) and
probably promotes base excision and single strand break
repair through post-translational modification of DNA
ligase Illa and/or the scaffold protein XRCC1 (Dong &
Tomkinson 2006; Chou et al. 2008). However, proteomic
analysis of Nbn null mutant murine cells has recently
demonstrated an increased production of reactive oxygen
species following induction of DSBs by ionizing radiation
(Melchers et al. 2009). It appears likely that a blockage
in both signaling cascades might result in accumulation
of DNA lesions in NBS lymphocytes due to somewhat
decline in DNA repair or alterations in cellular redox
homeostasis. The former assumption seems to be in-line
with our data on the DNA repair kinetics and efficiency.
In contrast to NBS, oxidative stress greatly contributes to
a FA phenotype (Degan et al. 1995; Pagano et al. 2005).
Reactive oxygen species as well as oxidative DNA dam-
age are accumulated due to incompetence of antioxidant
defense (Pagano & Youssoufian 2003; Thompson et al.
2005) rather than due to base excision repair deficiency
in FA cells (Will et al. 1998, Zunino et al. 2001) that is also
supported by our single observation. As to WBS patients,
we have already discussed the relationship between a
7q11.23 microdeletion and genome instability in their
lymphocytes (Savina et al. 2011) that may be interpreted
in terms of losses of WSTF and/or RFC2 proteins involved
in DNA repair, ATR-related DNA damage response and
apoptosis (Yoshimura et al. 2009; O'Driscoll et al. 2007;
Stucki 2009).

In the context of advanced diagnostic/prognos-
tic approaches combining multiple biomarkers, the
increased levels of endogenous and H,0,-induced DNA
damage, alterations in DNA repair kinetics and efficiency
may be considered the additional markers of genome
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instability in the genetic disorders mentioned. In fact,
these do not substitute for the cytogenetic markers,
especially diagnostically specific ones. Nevertheless,
estimates of the DNA damage sensitivity and DNA repair
capacity strongly suggest genome destabilization in all
disorders including WBS. The approach as a whole would
be helpful in specification of mechanisms underlying
pathogenesis of these diseases, e.g. impaired DNA repair
and/or cellular intolerance to oxidative stress. Taking
into account the role of genome instability in carcino-
genesis, the biomarkers proposed here might also serve
as potential predictors of cancer risk in both homo- and
heterozygous carriers.

Conclusion

Cytogenetic analysis of chromosomalintegrity inlympho-
cytes from patients with two rare monogenic disorders
and a representative group of individuals with a chromo-
somal disease showed the greatly increased frequency
of chromosome aberrations in NBS/FA probands and in
potential NBS heterozygotes in contrast to WBS patients.
The diagnoses of diseases were verified by detecting site-
specificrearrangementsin chromosomes 7 and 14in NBS,
the 7q11.23 microdeletion in WBS, and highly positive
MMC-stress test in FA. DNA integrity was simultaneously
estimated in the alkaline Comet assay with respect to the
levels of endogenous and exogenous DNA damage, DNA
repair kinetics and efficiency in lymphocytes exposed
to hydrogen peroxide in vitro. Somewhat, advantage of
this approach lies in the possibility to identify an abnor-
mal DNA damage response in lymphocytes from WBS
patients as well as to reveal some distinctive features of
DNA damage response in lymphocytes from NBS and FA
probands, likely due to different molecular mechanisms
involved. The latter conclusion needs further investiga-
tion to be confirmed. However, the results of this pilot
study indicate that the estimates of DNA strand breakage
and capacity to repair oxidative damage can be proposed
as additional and efficient biomarkers for detecting and
characterizing genome instability in the genetic disor-
ders under study.
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