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ABSTRACT

The high sensitivity of Fanconi’s anemia (FA) 
cells to drug induced DNA interstrand crosslinks (ICL) 
such as diepoxybutane (DEB) was used as a part of FA 
screening in the children with clinical suspicion of FA. 
The study considered a total of 66 children with the 
hematological and/or congenital phenotypic symptoms 
reminiscent of FA. Blood samples from patients with 
clinical suspicion of FA and controls were collected 
for chromosome fragility evaluation by the DEB test. 
According to the results of DEB test, the patients were 
divided into two subgroups: FA displaying typical 
DEB sensitive cellular response and non FA.

In this study, 10 out of 66 patients were found to 
have a FA cellular phenotype. The percentage of DEB-
induced aberrant cells was increased more than 26 
times in FA patients (range 22.00-82.00% with a mean 
of 48.32%) when compared to non FA patients (range 

0.00-12.00% with a mean of 1.84%). The number of 
DEB-induced breaks/ cells was more than 68 times 
higher in FA patients (range 0.26-4.39 with a mean of 
1.37 breaks/cell) when compared to non FA patients 
(range 0.00-0.20 with a mean of 0.02 breaks/cell). 
The spontaneous chromosome fragility values in FA 
patients were overlapping those in non FA patients. 
Our results indicate that the DEB sensitivity test is the 
most reliable in vitro method for verification of the FA 
cellular phenotype.
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INTRODUCTION

Fanconi’s anemia (MIM ID #227650) (FA) is a rare 
autosomal recessive and a rarely X-linked recessive 
chromosomal breakage disorder, found in 20 to 30% of 
children with inherited aplastic anemias (AA) [1,2]. The 
phenotypic heterogeneity of FA presents an appearance 
of peripheral pancytopenia, progressive bone marrow 
failure (BFM), developmental abnormalities, short 
stature and increased predisposition to cancer [2]. 
Fanconi’s anemia is a genetically heterogeneous 
disease, as 15 different FA complementary groups and 
corresponding genes have been currently identified 
[3-6]. The literature provides evidence that FA is an 
oxidative stress-related disease, defective for repair 
of oxidative DNA damage, confirming a direct link 
between reactive oxygen species (ROS) formation, 
oxidative DNA damage and chromosomal breakages 
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[7-10]. One of the main features of FA cells is an 
elevated incidence of spontaneous chromosomal 
aberrations, which could be further triggered by 
interstrand crosslinks (ICL) inducing agents such as 
diepoxybutane (DEB), mitomycin C (MMC), cis-
platin and melphalan [11,12]. High sensitivity of 
FA cells to cytotoxic and clastogenic effects of ICL 
agents, provides a unique cellular marker that is used 
to distinguish FA from other BFM and chromosomal 
breakage syndromes [13]. In this study we used the 
DEB-induced chromosome fragility test for differential 
diagnosis of FA in Serbian children with clinical 
suspicion of FA.

MATERIALS AND METHODS

Patients and Samples. From February 2004 
until March 2011, 66 children (41 boys and 25 girls, 
aged from one to 18 years) suspected of having FA 
were diagnosed and treated at the Mother and Child 
Health Care Institute of Serbia “Dr. Vukan Cupic” and 
the University Children’s Hospital, Belgrade, Serbia. 
These are the two largest pediatric hospitals in Serbia 
that cover about 80% of FA patients.

Blood samples from patients with clinical suspicion 
of FA and controls (healthy children of the same age as 
patients and other healthy individuals) were collected 
for chromosome fragility evaluation by the DEB test. 
Clinical data from patients with suspicion of FA were 
obtained from their clinicians, including age of onset 
of hematological disease and family screening results. 
According to the results of the DEB test, the patients 
were divided into two subgroups: FA displaying typical 
DEB sensitive cellular response and non FA.

The Diepoxybutane Test. The DEB sensitivity test 
on peripheral blood lymphocytes was performed using 
standard procedure [11,12,14] with minor modifications. 
Four blood cultures were prepared for each patient. 
Forty-eight hours after the culture set-up, two cultures 
were treated with DEB at a final concentration of 0.1 
mg/mL [12], and the remaining cultures were left for 
spontaneous chromosome fragility evaluation. Cells 
were harvested 72 hours after initiation with the 
presence of colcemid during the last 2 hours (2.5 mg/
mL). Staining with Giemsa solution was applied [12]. A 
total of 100 metaphase cells per subject were scored and 
analyzed for chromosome and chromatid aberrations, 
according to the International System for Human 
Cytogenetic Nomenclature (ISCN) [15]. Chromatid 

and chromosome breaks, and acentric fragments were 
scored as one break. Dicentric and ring chromosomes 
and radial figures were scored as two breaks [14,16]. 
Chromosome fragility evaluation parameters were: 
percentage of aberrant cells, number of breaks per cell 
and number of breaks per aberrant cell.

Statistical Analyses. In a discriminatory analysis, 
Chi square test was used to evaluate the significance 
of difference between examined cultures of patients 
[14] and healthy controls. The FA and non FA groups 
were distinguished by cut-off values forming ranges as 
previously described [16].

RESULTS

The chromosome fragility was evaluated by the 
DEB test in 66 patients with clinical suspicion of FA. 
The main criteria for the determination of chromosome 
fragility were as follows: percentage of aberrant cells, 
breaks/cell, breaks/aberrant cell. According to the 
results of the DEB test, the patients were divided into 
two subgroups: FA, displaying typical DEB sensitive 
cellular response, and non FA. A summary of the results 
obtained on spontaneous and DEB-induced fragility 
for both subgroups (FA and non FA) and controls are 
presented on Table 1. Ten (15.2%) out of 66 examined 
patients were found to have a FA cellular phenotype 
with increased number of DEB-induced chromatid 
and chromosome breaks and a variety of chromatid 
and chromosome interchanges (Figure 1, Table 2). 

Figure 1. The DEB-induced chromosome aberrations in 
patient No. 8 with FA: (a) chromosome break, 
(b) chromatid break, (c) acentric fragment, (d) 
chromatid exchanges.
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The percentage of DEB-induced aberrant cells was 
increased more than 26 times in FA patients (range 
22.00-82.00% with a mean of 48.32%) when compared 
to non FA patients (range 0.00-12.00% with a mean of 
1.84%). Patient No. 8 reached the maximal percentage 
of DEB-induced aberrant cells of 82.00%, while the 
minimal value was 22.00% in patient No. 10 (Table 
2). The number of DEB-induced breaks/cells was 
more than 68 times higher in FA patients (range 0.26-
4.39 with a mean of 1.37 breaks/ cell) when compared 
to non FA patients (range 0.00-0.20 with a mean of 
0.02 breaks/cells) (Table 1). Patient No. 8. displayed 
the maximal value of 4.39 breaks/ cell and FA patient 
No. 10 reached the minimal value of 0.26 breaks/ 
cell. Statistical analysis showed significant difference 
between FA and non FA groups (Mann-Whitney test: p 
<0.0001) and no overlapping (Figure 2).

The spontaneous chromosome fragility (percentage 
of aberrant cells and breaks/cell) values in 10 FA patients 
were overlapping those in non FA patients (Table 1). 
Nine out of 10 FA patients showed an increased rate 
of spontaneous breaks, while only one patient in this 
group (patient No. 3.) had no spontaneous breaks 
(Table 2). Thus, the mean percentage of spontaneous 

aberrant cells in the FA group was 9.30% (range 0.00-
29.00%) and the mean value of spontaneous breaks/
cells was 0.12 (range 0.00-0.39) (Table 1). In the non 
FA group of patients, the mean values of spontaneous 
breakages were 0.93% for percentage of aberrant 
cells (range 0.00-7.00%) and 0.01 for breaks/cell 
(range 0.00-0.06) (Table 1). Because of overlapping, 
these two groups could not be distinguished by the 
spontaneous breakage. Controls and the non FA group 

Table 1. Evaluation of spontaneous and diepoxybutane-induced chromosome fragility findings in Fanconi’s anemia and 
non Fanconi’s anemia patient groups.

Parameters Group n Mean Media SD Range

Spontaneous
Chromosome
Fragility

Breaks/cell FA
Non FA
Control

10
56
94

0.12
0.01
0.00

0.075
0.00
0.00

0.13
0.02
0.007

0.00-0.39
0.00-0.07
0.00-0.03

Aberrant cells (%) FA
Non FA
Control

10
56
94

9.30
0.93
0.34

6.50
0.00
0.00

9.01
1.47
0.65

0.00-29.00
0.00-7.00
0.00-3.00

Breaks/
aberrant cell

FA
Non FA
Control

10
56
94

1.10
0.16
0.24

1.20
0.00
0.00

0.42
0.37
0.44

0.00-1.50
0.00-1.50
0.00-1.50

DEB-Induced
Chromosome
Fragility

Breaks/cell FA
Non FA
Control

10
56
94

1.37
0.02
0.02

0.93
0.01
0.01

1.22
0.03
0.02

0.26-4.39
0.00-0.20
0.00-0.17

Aberrant cells (%) FA
Non FA
Control

10
56
94

48.32
1.84
1.29

40.50
1.00
1.00

20.28
2.04
1.56

22.00-82.00
0.00-12.00
0.00-8.00

Breaks/
aberrant cell

FA
Non FA
Control

10
56
94

2.50
0.86
0.68

2.43
1.00
1.00

1.24
0.53
0.77

1.18-5.35
0.00-2.67
0.00-3.40

SD: Standard deviation. Differences between FA and non FA groups for the parameterizations of induced breakage: p <0.001.

Figure 2. The DEB-induced chromosomal breakage in the 
FA and non FA groups of patients.
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displayed similar values of spontaneous chromosome 
fragility with the mean percentage of aberrant cells 
0.34% (range 0.00-3.00%) and the mean breaks/cell 
0.00 (range 0.00-0.03) (Table 1).

DISCUSSION

Fanconi’s anemia is rare autosomal recessive 
disorder, characterized by a high clinical and genetic 
heterogeneity [14,16-21]. Diagnosis of FA on the basis 
of clinical features is often difficult and unreliable, due 
to the possible overlap of the FA phenotype with that of 
a variety of genetic and non genetic BFM syndromes 
[2,22]. Nowadays, chromosome fragility induced by 
ICL-inducing agents, such as DEB or MMC is the most 
widely used test for the diagnosis of FA. We report 
here the results of the DEB-induced chromosome 
fragility test as screening for FA in Serbian children 
with clinical suspicion of FA.

This study revealed 10 (15.2%) out of 66 
examined patients to have a FA cellular phenotype 
with increased DEB-induced chromosome fragility. 
A lower incidence of FA in the cohort of 66 patients 
with pediatric AA when compared to published data 
(25-30%) [1], could not be the true frequency of FA in 
Serbian patients with pediatric AA, as there might be 

the chance of selection bias, assuming that not all of 
patients with AA underwent DEB testing.

In our study, the spontaneous chromosome fragility 
(percentage of aberrant cells and breaks/cell) values 
in 10 FA patients were overlapping those in non FA 
patients. The International Fanconi’s Anemia Registry 
(IFAR) study showed that the range of spontaneous 
chromosome breaks in FA group of 104 patients (0.02-
1.90 breaks/cell with a mean of 0.27) was overlapping 
with the range found in a non FA group of 224 patients 
(0.00-0.12 breaks/cell with a mean of 0.02) [16]. In 
this study, the unreliability of base line of chromosome 
breakage in differential diagnosis of FA [16,22] was 
confirmed. Thus, baseline breakage frequency was 
proven not to be a useful method for discrimination of 
FA patients.

According to the DEB sensitivity test, the 
percentage of DEB-induced aberrant cells in the 
examined groups was increased more than 26 times 
in FA patients when compared to non FA patients. The 
number of DEB-induced breaks/cells was more than 68 
times higher in FA patients when compared to non FA 
patients. There was a clear discrimination between FA 
and non FA subgroups with no overlapping. The IFAR 
study, also significantly differed the FA group from the 
non FA group on the basis of DEB-induced chromosome 

Table 2. Spontaneous and diepoxybutane-induced chromosome fragility in 10 patients with Fanconi’s anemia.

Spontaneous Chromosome Fragility DEB-Induced Chromosome Fragility
FA Patient Breaks/Cell Aberrant 

Cells (%)
Breaks/

Aberrant Cell
Breaks/Cell Aberrant 

Cells (%)
Breaks/

Aberrant Cell

1 0.01 1.00 1.00 2.15 72.22 2.97

2 0.07 5.00 1.40 1.50 49.00 3.06

3 0.00 0.00 0.00 0.95 32.00 2.97

4 0.08 8.00 1.00 0.68 35.00 1.94

5 0.27 18.00 1.50 0.58 41.00 1.41

6 0.12 9.00 1.33 0.48 40.00 1.20

7 0.18 15.00 1.20 1.75 73.00 2.40

8 0.39 29.00 1.34 4.39 82.00 5.35

9 0.03 3.00 1.00 0.91 37.00 2.46

10 0.06 5.00 1.20 0.26 22.00 1.18

Mean 0.12 9.30 1.10 1.37 48.32 2.49

SD 0.12 9.01 0.42 1.22 20.28 1.24
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fragility. The percentage of induced aberrant cells in 
their study was 85.15% in FA patients and 5.12% in 
the non FA group [16]. Similarly, the mean of DEB-
induced breaks/cell in FA patients was 8.96, while in 
the non FA group it was 0.06 [16]. These two groups 
showed no overlapping. Our results are in the line with 
IFAR report [16] and other similar studies [22-24] 
because FA and non FA groups could be distinguished 
by the percentage of DEB-induced aberrant cells (FA 
22.00-82.00% vs. non FA 0.00-12.00%) and breaks/cell 
(FA 0.26-4.39 vs. non FA 0.00-0.20).

However, the level of variability in DEB-induced 
aberrant cells between the 10 patients with FA is very 
high with ranges from 22.00 to 82.00% (see Tables 
1 and 2; Figure 2). Part of this high variability in the 
patients with FA is due to the existence of subgroup 
of patients who have lower values of chromosome 
fragility parameters (Table 2; borderline patients Nos. 
3, 4 and 10). This subgroup corresponds to FA patients 
with T-cell mosaicism, who represent 15-25% of all 
FA patients [25-27]. Somatic mosaicism is produced 
when one of the pathogenic mutations is reverted in 
a hematopoietic precursor cell [27-29]. In previously 
published studies, FA patients with <40% of aberrant 
cells were considered mosaic, while those with a 
proportion between 40 and 60% were considered as 
possible mosaics; FA patients with proportion >60% of 
aberrant cells were considered as non mosaic patients 
with FA [30]. Similarly, in our study, all FA patients 
with <35 % of aberrant cells were considered mosaic 
(patients Nos. 1 and 3, –20%), while those with a 
proportion >60% of aberrant cells were considered 
non mosaic patients with FA, awaiting for additional 
evidence of mosaicism. However, the high level of 
variability of DEB-induced aberrant cells we found 
in the group of non FA patients, with range from 0.00 
to 12.00%, due to the borderline DEB sensitivity of 
some patients. These patients might be considered 
mosaic FA or they represent non FA patients with 
higher sensitivity (up to 16%) to ICL agents due to an 
unknown genetic background [30].

Although high sensitivity to ICL-inducing agents 
is the hallmark of FA cells, an accurate diagnosis is 
compromised in some cases, especially in mosaic 
patients. Recently, Castella et al. [30] proposed a new 
chromosome fragility index that provides a clear cut-off 
diagnostic level unambiguously distinguishing patients 
with FA, including mosaic from non FA individuals, 
which should be improved in the near future. However, 

molecular investigation and identification of the FA 
complementary group for each DEB sensitive FA 
patient is the next step necessary in establishing the 
diagnosis of FA, its therapy management and genetic 
counseling of affected families.
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