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Abstract

Background: FA patients are hypersensitive to preconditioning of bone marrow
transplantation.

Objective: Assessment of the power of mitomycin C (MMC) test to assign FA
patients.

Methods: We analysed 195 patients with hematological disorders using spontaneous
and two types of chromosomal breakage tests (MMC and bleomycin). In case of pre-
sumed Ataxia telangiectasia (AT), patients' blood was irradiated in vitro to determine
the radiosensitivity of the patients.

Results: Seven patients were diagnosed as having FA. The number of spontane-
ous chromosomal aberrations was significantly higher in FA patients than in
aplastic anemia (AA) patients including chromatid breaks, exchanges, total aberra-
tions, aberrant cells. MMC-induced 210 break/cell was 83.9 £ 11.4% in FA
patients and 1.94 +0.41% in AA patients (p <.0001). The difference in
bleomycin-induced breaks/cell was also significant: 2.01 + 0.25 (FA) versus 1.30
+0.10 (AA) (p = .019). Seven patients showed increased radiation sensitivity.
Both dicentric + ring, and total aberrations were significantly higher at 3 and
6 Gy compared to controls.

Conclusions: MMC and Bleomycin tests together proved to be more informa-
tive than MMC test alone for the diagnostic classification of AA patients, while
in vitro irradiation tests could help detect radiosensitive—as such, individuals
with AT.

KEYWORDS
aplastic anemia, bleomycin test, chromosomal breakage test, Fanconi anemia, in vitro irradiation,
mitomycin test
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Novelty statement

diagnosis.

1 | INTRODUCTION

Fanconi anemia is a rare autosomal recessive disorder, which is phenotypi-
cally and genetically heterogenous.* The consequential bone marrow fail-
ure usually starts with thrombocytopenia and typically progresses to
aplastic anemia (AA). Transplantation with hematopoietic stem cells is cur-
rently the only curative treatment to correct the bone marrow failure and
also reduce the risk of leukemia.? Patients with FA are hypersensitive to
cyclophosphamide, busulfan, ionizing radiation and other genotoxic
agents. FA patients are also prone to suffer from the damaging inflamma-
tory consequences of graft versus host disease. Therefore, FA patients
need special treatment and the diagnosis should be established to distin-
guish FA from other inherited hematological diseases.® Efforts have also
focused on reducing the dose of toxicity of preparative regimens required
for transplant and using alternative conditioning treatments.*
Approximately one-third of FA patients have no overt physical/
somatic abnormalities.> On the other hand, patients having FA-like
symptoms may not be suffering from FA.® Several genetic conditions
exist in which bone marrow failure is an overlapping feature:
Diamond-Blackfan anemia, Shwachman-Diamond syndrome or
Nijmegen breakage syndrome, for example—whose differential
diagnosis may require a multitude of genetic and nongenetic tests.
Currently, pathogenic variants in 23 genes have been reported to
cause FA.” However, absence of detected biallelic mutations in the
FA genes cannot be understood as exclusion of the diagnosis of FA,
and variants of unknown significance need further functional testing
to decide on their pathogenicity. Therefore, other confirmatory tests
are of paramount importance. Increased frequency of chromosome
breakage was first described in FA patients by Schroeder et al.® After
that, Schuler et al. showed that supplementing the culture media with
DNA cross-linking agents increased the measured frequency of DNA
breaks in the samples of FA patients.” It was suggested that mitomy-
cin C (MMC) or diepoxybutane (DEB) sensitivity may reliably distin-
guish between FA and non-FA cases.?'© These chromosomal
breakage tests can be considered equally valuable but much cheaper
first-tier assays than DNA-based molecular testing of FA genes. After
a positive breakage test result has been obtained, screening for muta-

tions in the known FA genes is warranted. In a study, approximately
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What is the new aspect of your work?
We performed both mitomycin C, bleomycin and spontaneous chromosome aberration tests on

our cohort of hematological patients before stem cell transplantation.

What is the central finding of your work?
MMC-test provides a useful method to differentiate between FA and other AA patients.

What is (or could be) the specific clinical relevance of your work?
This simple tool can help to reduce the need of FANC genetic testing, and accelerate accurate

80% of chromosome breakage tests from patients referred to FA diag-
nostic testing with confirmed bone marrow failure had a negative
result. However, chromosome tests are not 100% specific, overlap-
ping bone marrow failure syndromes may score positive as well.!!
Furthermore, lymphocyte mosaicism was estimated to occur in 10%-
30% among the FA patients.

There is no consensual cutoff value for chromosomal breakage
percentage in peripheral blood lymphocytes to differentiate FA
patients with mosaicism from FA heterozygotes or from healthy indi-
viduals without FA. Castella et al. proposed a new chromosome fragil-
ity index (CFI) in order to distinguish the patients with FA mosaicism
from germ-line FA. The CFIl considers the aberrant cell number and
breaks per multiaberrant cells.}?

In our study patients with hematological disorders were tested for
chromosome aberrations prior to bone marrow transplantation to
exclude FA. MMC-induced chromosomal breakage test, bleomycin test
(to obtain information on postreplication repair in the case of AA) and
spontaneous chromosomal aberration test were performed. We also
applied the above mentioned CFI value to characterize chromosome fra-
gility. Elevated alpha-fetoprotein level of some patients raised the suspi-
cion of Ataxia telangiectasia (AT). Blood samples of these patients were
irradiated in vitro with 3 and 6 Gy to determine their radiosensitivity.

2 | PATIENTS AND METHODS

2.1 | Patients and samples

We retrospectively analysed the data of 195 patients with hematolog-
ical disorders (among them 56 patients with AA) who underwent
chromosomal breakage tests in our department during the period of
2007-2021. Anamnestic data, symptoms, blood count results and his-
tory of medication of the patients with clinical suspicion of FA were
obtained from their clinicians. Healthy volunteers ([n = 20] hospital
workers) were used as controls for the chromosome breakage studies.
This study was performed according to the Declaration of Helsinki
and was approved by the National Ethical Committe (permit number
190 80-2/2016/EKU).
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2.2 | Lymphocyte cultures

Heparinised blood samples were collected and spontaneous, MMC-
induced and bleomycin-induced chromosome preparations were
applied. Blood (0.8 mL) was cultured in RPMI-16740 cell culture
medium complemented with bovine serum albumin (15%) and penicil-
lin/streptomycin (100 U/mL/100 pg/mL, Gibco, Thermo Fisher Scien-
tific Inc., Waltham, MA) and phytohaemagglutinin M (2% v/v, Gibco,
Waltham, MA) for induction of cell division. Incubation was 48 h at
37°C, in order to perform chromosome analysis in the first cell divi-
sion. Further proliferation was stopped with colcemid (0.1 pug/mL,
Gibco) at the 46th h. Lymphocytes were then suspended in hypotonic
solution (0.075 M KCI) for 15 min at 37°C and fixed with ice-cold
methanol-acetic acid 3:1 mixture. Following several washes in fixative,
concentrated cell suspension was dropped onto glass slides, stained
with Giemsa solution (3%, RAL Diagnostics).

23 | Mitomycin test

Whole blood cultures from the patients and healthy controls were
prepared like in standard cytogenetic analysis and 50 ng/mL MMC
(mitomycin-C Kyowa) was added and the culture was incubated for
72 h on 37°C. Proliferation was inhibited with 0.1 pug/mL colcemid
(Gibco) at the 67th hour. From each patient 100 metaphases were
analyzed with light microscopes (1500x magnification, Olympus CH
2). Only round and clear metaphase cells were counted. The following
aberrations were evaluated: chromatid gap (an interruption in the
staining of a chromatid 1-2 times the width of the chromatid); chro-
matid break (the interruption is more than two times the width or the
broken piece of chromatid appears dislocated); triradial chromosome
(an interchange figure presumably having resulted from the misrepair
of two breaks in two distinct chromosomes); quadriradial chromosome
(an interchange figure resulting from the misrepair of two broken
chromatids in different chromosomes). Triradial and quadriradial chro-
mosomes were counted as two breaks.

Aberrations were recorded as total breaks per cells, percentage of
aberrant cells, and percentage of cells of 210 b/c. Cultures from
healthy controls show 1%-5% of 5-10 b/c (break/cell).®

In our practice, patients with >60% of cells with 10 or more
breaks are diagnosed as having FA and after genetic confirmation of
FA they are treated with alternative bone marrow transplantation
techniques. In the case of more than 10% of cells having 210 b/c or
more than 10% aberrant cells present caution in the application of

genotoxic agents in the treatment of patients is warranted.

24 | Study of spontaneous chromosomal
aberrations

We assessed frequencies of chromatid (chromatid break, exchange)
and chromosome type aberrations (fragments, translocations, dicen-

tric, and ring chromosome aberrations). The value of terminal and
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interstitial deletions were summed up as excess fragments. Numerical
aberrations were calculated from the same metaphases by counting
the centromeres. Cells with 44, 45 or 47 chromosomes were consid-
ered aneuploid. The chromosome analysis was performed in accor-
dance with the ICPEMC*® requirements. The samples were coded and
the prepared slides (CAs) were evaluated blindly by two well-trained

scorers.

2.5 | Bleomycin as a radiomimetic test

For performing BLM test, we used the protocol published by Hsu

et al.¥*

The lymphocytes were cultured in the same conditions as in
spontaneous chromosomal aberration test, but incubated for 72 h (for
second division). Bleomycin was added (30 pug/mL) to the preparations
at the 67th hour to introduce DNA breaks. Addition of colcemid, treat-
ment with hypotonic solution, fixation and purification was performed
as described above. One hundred metaphases per patient were
counted. Lesions wider than a chromatid width were considered as
chromatid breaks. Chromatid exchanges were calculated as two breaks.
If more than 12 breaks/cell were counted, we described the cell as hav-
ing 12 breaks. The mean number of chromatid breaks per cell (b/c) was
used as an indicator of repair disability. Based on the chromosome
results, all individuals (patients and healthy as well) were divided into
three groups: Hypersensitivity to BLM: >1.25 b/c, Intermediately sensi-
tive: 1.0-1.24 b/c; Not sensitive (hyposensitive) <1.0 b/c.*>~7

2.6 | Invitro irradiation with 3 and 6 Gy

In case of suspected non-FA radiosensitivity, two milliliters hepari-
nised blood was placed in water filled plastic phantom and irradiated
with 3 and 6 Gray at 6 MV and 1400 Monitor Unit/min on a Varian
True Beam linear accelerator as suggested by Borgmann et al.® Then,
the lymphocytes were cultured by standard cytogenetic techniques in
order to compare the chromosomal aberrations between patients and
healthy subjects.

2.7 | Statistics

The frequencies of CAs do not follow normal distribution as it was
concluded by earlier investigations.!? Therefore, non-parametric
Mann-Whitney U test was used to compare individual groups. Value
of p < .05 was considered as the limit of significance. Graph Pad Prism
8 (San Diego, CA) and OriginPro 8.5 software packages were used for
the calculations and presentation of the data.

3 | RESULTS

We have investigated a large group of patients (N = 195) with hema-
tological disorders by using MMC-chromosomal breakage, bleomycin
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mutagenity test and spontaneous chromosome fragility tests. The
hematological disorders of the patients are shown in Table 1. The
majority of patients were referred to us for testing because of AA
(37.1%) bi—tricytopenia or pancytopenia (19%), or myelodysplastic
syndrome 12.3%. In total, 148 of the 195 cases had only hematologi-
cal symptoms, 18 patients (9.2%) had both hematological features and
congenital malformations. Most common somatic abnormalities were:
intellectual disability, hearing impairment, ophthalmological abnormal-
ities, chest deformity, microcephaly, radius hypophasia, cleft lip and
palate, skeletal abnormalities. The proportion of males and females
was the same (1:1). Two-thirds of the patients were under 19 years
of age.

3.1 | Chromosome fragility

We performed MMC-induced chromosome fragility assay in all tested
patients with cytopenias and in 20 healthy volunteers. The most com-
mon chromosomal abnormalities were chromatid breaks followed by
exchanges. Acentric fragments, dicentric and ring chromosomes were

rarely seen. Chromosome fragility is usually reported as breaks/cell

TABLE 1 Demographic data and some characteristics of the
patients.
Patients N
Age
0.5-19 years 140 (71.8%)
20-63 years 55 (28.2%)
Gender
Female 97 (50%)
Male 98 (50%)
Clinical diagnosis/reason for referral
MDS (Myelodysplastic syndromes) 30
CML (Chronic myeloid leukemia), AML (Acute 6
myeloid leukemia)
Bloom syndrome 3
Ataxia telangiectasia 10
Aplastic anemia 56
Bicytopenia, tricytopenia® 13
Pancytopenia® 24
Thrombocytopenia 7
Granulocytopenia
Congenital malformations® 14
Fanconi anemia? 6
Head and neck tumor
Immunodeficiency, highAFP
Others® 19

?Do not meet the diagnostic criteria for AA.

bCongenital malformation which do not meet AA diagnostic criteria.
“Others: 1-1 cases: Blackfan Diamond anemia, Sideroblastic anemia,
Haemolytic anemia, von Willenbrand disease, Ewing sarcoma and
pancytopenia, etc.

FARKAS ET AL.

and aberrant cell %. Summary of the results obtained on MMC-
induced fragility is provided in Table 2. Seven patients were diagnosed
with FA (CFI:537-1000) based on sensitivity to MMC (50 ng/mL).
Sequencing data of only one patient is available to us. This patient
was homozygous for FANCF c.613dup,p.(lle205Asnfs*61).

The percentage of aberrant cells and the number of breaks per
cell were both low in AA patients and control subjects. As a group,
patients with FA could be clearly distinguished from AA patients
within the analysis of MMC cultures by the percentage of cells with
10 or more breaks (83.9 £ 11.4 vs. 1.94 + 0.41, p < .0001) (Table 2).
The number of breaks/cell was more than five times higher in the FA
population when compared to the AA population (9.4 + 0.6 vs. 1.62
+0.13, p <.0001), while the percent of aberrant cells was increased
nearly two fold in the AA groups (98.2+1.19 vs. 49.5+5.12,
p < .0001) (Figure 1.). AA patients showed significant difference from
healthy controls regarding break/cell value (p = .0041) and aberrant
cell percent (p = .0024). The AA patient group's elevated values can
have genetic or non-genetic causes.

We compared breaks/multiaberrant cell values of the two groups
and found significant differences (p < .0001 FA vs. AA, p = .024 con-
trol vs. AA, respectively). We combined percentage (%) of aberrant
cells and breaks/multiaberrant cell in the same graph, as Castella

etall?

suggested (Figure 2), while proposed CFI was calculated in the
following way CFl = % aberrant cells x (breaks/multiaberrant cell)
value that confirmed the previously demonstrated differences
(p <.0001 FA vs. AA, p = .032 control vs. AA, respectively) (Figure 3)
also in this parameter. Seven patients were diagnosed with FA: CFI

values: 537-1000.

3.2 | Spontaneous chromosome fragility

Spontaneous chromosome fragility was evaluated in all patients by
using exactly the same conditions. The results obtained are described
in Table 2. The number of spontaneous chromosome aberrations was
significantly higher in the FA patients than in the AA patients includ-
ing gaps (p =.0003), exchanges (p <.0001), chromatid breaks
(p = .0002), total aberrations (p < .0001), aberrant cells (p <.0001).
Overall higher spontaneous chromosome fragility was observed in FA
patients, that was 8.0-fold in chromatid breaks, 7-fold in total aberra-
tions and 6.4-fold in aberrant cells, when compared with AA patients.
On the other hand, chromatid breaks (p = .0141), total aberrations
(p =.0013) and aberrant cells (p = .011) were significantly higher in
the AA group than in healthy subjects, resulting from underlying cellu-
lar and genetic mechanisms that act in favour of DNA damage and/or

impaired repair.?

3.3 | Bleomycin mutagenity test
Bleomycin test evinces chromatid breaks induced by in vitro treat-
ment of peripheral lymphocytes with the antitumor (radiomimetic)

drug bleomycin, which has been utilized as an indicator of individual
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TABLE 2 Numerical and structural aberrations in Fanconi anemia, AA patients and in healthy control subjects and results of mitomycin (MMC)
and bleomycin tests.

Spontaneous chromosome aberrations+ SE/100 cells

MMC

% 210 Bleomycin
Code/ Chromatid Chromosome Dicentric Total Aberrant breaks/  Breaks/
gender/age Aneuploid Gap break Exchange fragment + ring aberrations  cells cell, % cell
SH 47, M, 31 1.5 9 125 7 0 0 26.5 22 69 2.68
SH 733, M,7 1 3.5 27.5 4.5 0 0 32 23.5 100 1.26
SH 977, M, 8 3 13.5 1.5 2 0.5 19 17 100 1.74
DH 277,M 4 1 2 15 0 0 0 15 14 100 3.16
DH 332, F7 0 13 26 0 0 1 27 22 98 1.63
SH721,M 8 8 6.5 1 0 0 0 1 1 20.5 1.68
DH 535, M, 0,5 2 5 10 0 0 0 10 9 100 1.92
FA 214 550° 16.14° 1.86° 0.21 0.07 18.5¢ 15.36° 83.9f 2.018
N=7 +0.81 +1.59 +3.58 +1.06 +0.21 +0.07 +4.21 +3.22 +11.4 +0.25
AA 1.59 206  2.05°" 0.21° 0.26 0.07 2.61% 2.40°% 1.94° 1.308
patients +0.20 +0.25 +0.31 +0.08 +0.13 +0.04 +0.41 +0.35 +0.41 +0.10
N =56
Controls 2.06 1.53 071" 0.06 0.12 0.06 0.82' 0.82! 0.68 1.08
N =20 +0.39 +0.37 +0.19 +0.06 +0.12 +0.06 +0.25 +0.25 +0.32 +0.21

Note: Significant differences: FA patients vs. AA patients: 3(p = .0003), °(p < .0001), “(p = .0002), ¢(p < .0001),%(p < .0001), f(p < .0001), &p = .0198) AA

patients vs. controls: "(p = .0141), {(p = .013).
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FIGURE 1 Mitomycin-induced chromosome fragility in Fanconi

anemia, AA and control groups expressed by breaks/
multiaberrant cell.

DNA repair capacity. Depending on the level of chromatid breaks induced
by the bleomycin treatment, individuals can be classified as nonsensitive,
sensitive or hypersensitive. The individual b/c values ranged between
0.17 and 5.36 in 181 patients (14 out of 195 patients had no BMC test
data because of blood shortage), while the most sensitive patient had con-
junctival telangiectasia and high alpha fetoprotein (AFP) level.

In total, 80 patients were considered nonsensitive (0-1.0 b/c),
23 patients were sensitive (1.00-1.24 b/c), and 71 patients were
hypersensitive (21.25 b/c). All of the Fanconi anemia patients were
hypersensitive (2.01 £ 0.28). Only seven bleomycin tests were
individuals, but the average value was

available in control

1.08 £ 0.19.
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FIGURE 2 Comparison of chromosome aberrations (breaks/cell)

in Fanconi anemia (n = 7) and AA (n = 56) patients with mitomycin
(MMC) test.

3.4 | Results of in vitro irradiation

Among patients there were some individuals suspected to suffer in
AT. As AT patients are usually sensitive to ionizing radiation, the blood
of AT-suspect patients was irradiated in vitro with 3 and 6 Gy in a lin-
ear accelerator (1400 MU/min, 6MV FFF). Four of six patients had
elevated frequency of dicentric + ring (p = .025, p = .0107, respec-
tively) and total aberrations (p = .0004, p = .001, respectively) both
at 3 Gy and 6 Gray compared with controls (Table 3). These patients
were not sensitive to mitomycin, but they were sensitive to bleomycin
(except one patient). Among them two patients were genetically con-
firmed to have ataxia teleangiectasia (ATM ¢7189 C>T, ac
2376 G > T, and ac7630-2A > c; ac8986-1G > C).
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15 A 1500 B Another patient had a bone marrow transplantation because of FA

at the age of 6 years and he developed head and neck tumor at the age

1 p<0.0001 1 p<0.0001 of 35, when we tested him. He showed only 2 cells with 10 or more

breaks in MMC test, CFl 218, 3/100 cells total aberration in spontaneous

[}
"; 10- 1000 chromosome aberration test and only 0.88 breaks/cells in bleomycin test.
g Therefore, he was assumed to be cured from FA, but he was moderately
g i ™ i sensitive to irradiation (Table 3). Given this increased radiosensitivity his
§ 2 tumor was irradiated using proton therapy.
é 5 p=0.024 500+ One CVID (Common variable immunodeficiency) patient who
g = developed retroperitoneal lymphadenomegaly and splenomegaly was
o also radiosensitive.
l T Correlation between the spontaneous and induced chromosome
aberrations.
0 T 0= Spearman correlation was used to find correlation between spon-
controls AA FA controls AA FA
taneous and induced chromosome aberrations. There were weak cor-
FIGURE 3 Mitomycin-induced chromosome fragility (average relations between mitomycin-induced and spontaneous aberrant cell
+ SEM) in Fanconi anemia, (n = 7) AA (n = 56) and control groups % (p =.020), as well as mitomycin-induced and total aberrations
(n = 20) expressed by breaks/multiaberrant cell and calculation of CFI (p = .015). The bleomycin-induced break/cell value correlated with
i[i‘yz::;:ant cells)x(Breaks/multiaberrant cell)]. Statistical significance the spontaneous aberrant cell percent (p < .0001), with total aberra-

tions (p < .0001) and with chromatid breaks (p < .0001), as well.

TABLE 3 Chromosome aberrations induced by in vitro irradiation of blood lymphocytes, mitomycin and bleomycin tests of five suspected
Ataxia-telangiectasia, one head and neck tumor and one CVID patient.

3 Gy 6 Gy
Dic + ring/ Total ab./ Dic + ring/ Total ab./ MMC 210 Bleomycin
Code 100 cells 100 cells 100 cells 100 cells b/c, % b/c Diagnosis
DH 152 48 162 112 448 25 2.66 Presumed AT?
Confirmatory: ATM
gene test
c7189 C>T;ac2376 G>T
DH 475 84 117 228 304 2 2.25 Presumed AT: conjunctival
teleangiectasias without
neurological symptoms
DH 498 31 66 219 312 0 1.14 Presumed AT?
Confirmatory:non AT
CF
DH 513 57 86 284 339 1 1.24 Pancytopenia
DH 514 67 153 140 327 2 1.88 Presumed AT?

Confirmatory: ATM genetic test: ac
7630-2A > C; ac 8986-1G > C

DH 431 83 141 208 269 2 0.88 FA diagnosed at 6 years—bone
marrow transplant, Solid tumor of
the head and neck at 35 years
(carcinoma planocellulare)-proton
therapy

DH 512 123 147 259 325 1 1.14 CVID (common variable
immunodeficiency),
retroperitoneal
lymphadenomegaly and
splenomegaly

Ave-rage 704 +11.3 124.6 +138°%  207.1+23.3° 3320+21.1¢ 15+0.3 1.60 £ 1.0
N=7

Control 36.5+ 5242 75+ 503" 148+ 6° 287 + 17¢ - - -
N=5

Note: Significant difference: ?p = .025; °p = .011; ¢ p = .0004; %p = .001.
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4 | DISCUSSION

Fanconi anemia results in increased risk of hematological disorders
developing usually by 40 years of age in 90% of the patients.2® Fur-
thermore, the patients are more prone to solid tumors of which the
cumulative incidence is 28% by the same age. The largest likelihood is
related to head and neck cancer, which is 500-700 times more fre-
quent than in the healthy population.?° Of note, once developed, the
treatment of these tumors are difficult, because the affected patients
are chemo- and radiosensitive. Stem cell transplantation for the hema-
tological disorders is also dangerous, as FA patients are extremely sen-
sitive to DNA cross-linking agents. Therefore, reduced intensity
conditioning must be used (e.c. cyclosphamide).?*

Unfortunately, patients with other diseases, such as inherited
bone marrow failure syndromes are reported to have similar clinical
symptoms and similar blood test results. The fact that the lympho-
cytes of FA patients show increased spontaneous chromosome
fragility can help in the differential diagnosis of FA. However, as Dokal
and Luzatto suggested, in the case of increased chromosome fragility
results, these patients might be misdiagnosed as having FA.1! FA
mosaic patients are even more difficult to identify due to coexisting
normal and abnormal cell lines.??

In the early 2000s MMC and DEB-induced breakage tests
became the gold standard in differentiation of FA and other aplastic
anemia syndromes.?® Furthermore, Castella et al.'? proposed a new
CFl by using DEB-induced cultures, which can better differentiate
between FA patients and healthy individuals. They found a correlation
between the number of congenital malformations and frequency of
chromosome breaks due to DEB or MMC induction. Fargo et al., how-
ever, found partial overlap between the CFI of mosaic and non-mosaic
FA patients. Unfortunately, they could study only four FA mosaic
patients. According to their results, MMC caused more aberrant cells,
breaks per cell and breaks per aberrant cells than DEB, which was due
to the higher frequency of radials after MMC induction.?

We have investigated a large group (n = 56) of AA patients using
MMC-chromosome breakage test in order to distinguish FA cases
from other AAs. Patients were categorized according to cytogenetic
criteria and in a single patient, sequencing results. A total of seven
patients were identified as having FA, their age ranged between 0.5-
31 years. In one case, limb anomaly (supernumerary finger) was found.
Allogenic hematopoietic transplantation was the curative therapy for
five patients. One patient is under close follow-up and is well.
Transplantation-related mortality occurred in one patient. Another
patient died of pneumonia before transplantation. In our study the
proportion of males and females among aplastic patients studied was
equal, but there was a predominance of males in the FA patient group.
Similarly, a total of 124 patients were diagnosed as having Fanconi
anemia between 2014 and 2020 in Pakistan and male predominance
(1.9:1) was seen.?*

Spontaneous chromosome aberrations showed 7, 6.4, and
7.9-fold rise in total aberrations, aberrant cell frequency and chroma-
tid breaks, respectively, when FA patients were compared to AA
patients (p <.0001; p <.0001 and p <.0001, respectively). The
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MMC-induced aberrant cell frequencies with equal to or more than
10 breaks of these patients were significantly higher (p <.0001,
43.2-fold change) than the values of other AA patients. In our FA
patient cohort, the ratio of 10 or more breaks/cell was 21%-100%
(Table 2.). In the study of Talmoudi et al., 22.22% (38 patients) were
diagnosed as affected with FA and 77.17% (132 patients) as unaf-
fected according to their sensitivity to MMC.2®> By contrast, in our
work using the same concentration of MMC (50 ng/mL) only 3.6% of
the patients were confirmed to be FA positive and 96.4% were not.

We also calculated CFI (Figure 3) for each studied group, but found
less increase (4.9-fold difference between FA and AA patients compared,
p < .0001) than that observed by other authors—regarding the aberrant
cell number with 10 or more breaks induced by MMC (43.2-fold, see
above) between the FA and AA group.}? There was no overlap between
the CFI of the AA (94-429) and FA patients (557-1000).

Bleomycin test measures sensitivity to a double strand break
inducing mutagenic agent. The sensitivity to this agent probably has a
hereditary basis and is suggested to be in connection with reaction to
mutagenic assults of individuals at acellular level.? Cloos et al, sug-
gested, that high b/c is due to impaired cell cycle checkpoints which
do not allow enough time for DNA repair.2” We performed bleomycin
test on 181 patients' blood samples and found three distinct popula-
tions: hypersensitive (21.25b/c), sensitive (1.24-1.0 b/c) and non-
sensitive patients (<1.0 b/c). We found 1.30 + 0.10 b/cell value for
AA anemia patients (and 1.08 + 0.21 for healthy subjects) which is
higher but comparable with the results of Cloos et al, which was 0.79
+ 0.32 b/c.?” Bleomycin sensitivity was characteristic for FA patients
(1.26-3.16 break/cell), but it was not exclusive. The other AA
patients, showed sensitivity in a very wide range: 0.17-5.36 b/c.

We also included in our study population potentially radiosensitive
non-FA patients, for example the ones with suspected ataxia telangiecta-
sia. AT is an inherited DNA repair defect and its symptoms affect multi-
ple organs increasing tumor risk.2® Similarly to FA, radiotherapy should
be restricted in these patients with great caution and reduced doses. The
dose of any radiomimetic drugs used in the therapy of AT patients
should also be modified to minimize cytotoxicity. Higher aberration fre-
quencies were found in these five patiens as a result of 3 and 6 Gy
in vitro irradiation. In the case of AT patients, increased response pre-
senting with chromosome breakages were confirmed in the bleomycin
fragility test, but it was not detected by MMC, which phenomenon can
help in the differential diagnosis of this disease.

5 | CONCLUSIONS

Our data illustrate that MMC-test provides a useful method to differ-
entiate between FA and other AA patients. This simple tool can help
to reduce the need of FANC genetic testing, and accelerate accurate
diagnosis and the early recognition of these disorders, also allowing
for appropriate therapy planning. We have also proved that the par-
allel use of MMC, bleomycin tests and in vitro irradiation that induce
chromosome breakages can be included in the investigation of AT

patients.

85U8017 SUOWILIOD BAIIaD) 8|qeot|dde ayy Aq pausenob ase sspie YO ‘88N Jo se|ni Joj Ariq1]aulUQ A3|IA UO (SUORIPUOD-PUR-SWBHW0D A8 | 1M Ae1q 1 BUI|UO//SANY) SUONIPUOD Pue SWIB | 8U} 89S *[£202/50/LT] Uo AriqiTauljuo AB|IMm ‘Usdeiged JO A1seAIUN Ad 066ET UR/TTTT OT/I0p/W00 A8 | Areiqijeuljuoy/Sdny wouy papeojumod ‘0 ‘6090009T



s | WILEY—_Hamatology

AUTHOR CONTRIBUTIONS

Gyongyi Farkas wrote the manuscript. Gyéngyi Farkas, Gabor Székely,
Veronika Goda, Krisztian M. Kallay, Katalin Szakszon, Gabor Benyd,
Daniel Erdélyi, Zoltan Liptai, Katalin Csordas, Gabriella Kertész, Istvan
Szegedi, and Gergely Krivan performed the measurements. Zsuzsa
S. Kocsis performed the analytic calculations. Zoltdn Takacsi-Nagy,
Csaba Polgar, and Zsolt Juranyi discussed the results and commented
on the manuscript. All authors discussed the results and contributed

to the final manuscript.

ACKNOWLEDGMENTS

The authors express their thanks to Dr Sarolta Gundy, who was the
former Head of the Department of Onco-cytogenetics and started the
studies and organized them until 2015. The technical assistance of

Mrs N. Vass and Ms K. Kiss is greatly acknowledged.

FUNDING INFORMATION

The project was implemented with the support from the National
Research, Development and Innovation Fund of the Ministry of Cul-
ture and Innovation under the National Laboratories Program
(National Tumor Biology Laboratory (2022-2.1.1-NL-2022-00010)
and the Hungarian Thematic Excellence Program (under project
TKP2021-EGA-44) Grant Agreements with the National Research,
Development and Innovation Office and Innovative Daganatdiagnosz-
tikai és Terapias Eljarasok Fejlesztése az Orszagos Onkoldgiai Intézet-
ben (2020-1.1.6-JOV&-2021-0008)

CONFLICT OF INTEREST STATEMENT

No potential conflict of interest was reported by the authors.

DATA AVAILABILITY STATEMENT
The authors would not like to share the data due to the regulation
of GDPR.

ORCID

Krisztidn M. Kdllay "= https://orcid.org/0000-0002-4328-9612

REFERENCES

1. Auerbach AD, Rogatko A, Schroeder-Kurth TM. International Fanconi
anemia registry: relation of clinical symptoms to diepoxybutane sensi-
tivity. Blood. 1989;73(2):391, 2917181-396.

2. Fargo JH, Rochowski A, Giri N, Savage SA, Olson SB, Alter BP.
Comparison of chromosome breakage in non-mosaic and mosaic
patients with Fanconi anemia, relatives, and patients with other inher-
ited bone marrow failure syndromes. Cytogenet Genome Res. 2014;
144(1):15, 25227706-27. doi:10.1159/000366251

3. Joenje H, Patel KJ. The emerging genetic and molecular basis of
Fanconi anaemia. Nat Rev Genet. 2001;2(6):446, 11389461-457. doi:
10.1038/35076590

4. Shimamura A, Alter BP. Pathophysiology and management of inher-
ited bone marrow failure syndromes. Blood Rev. 2010;24(3):101,
20417588-122. doi:10.1016/j.blre.2010.03.002

5. Dokal I, Vulliamy T. Inherited aplastic anaemias/bone marrow failure
syndromes. Blood Rev. 2008;22(3):141, 18164793-153. doi:10.1016/
j.blre.2007.11.003

FARKAS ET AL.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Oostra AB, Nieuwint AW, Joenje H, de Winter JP. Diagnosis of fan-
coni anemia: chromosomal breakage analysis. Anemia. 2012;2012.
22693659:238731. doi:10.1155/2012/238731

Repczynska A, Julga K, Skalska-Sadowska J, et al. Next-generation
sequencing reveals novel variants and large deletion in FANCA gene
in polish family with Fanconi anemia. Orphanet J Rare Dis. 2022;17(1):
282, 35854323. doi:10.1186/s13023-022-02424-4

Schroeder TM, Anschutz F, Knopp A. Spontaneous chromosome
aberrations in familial panmyelopathy. Humangenetik. 1964;1(2):194,
5869479-196. doi:10.1007/BF00389636

Schuler D, Kiss A, Fabian F. Chromosomal peculiarities and "in vitro"
examinations in Fanconi's anaemia. Humangenetik. 1969;7(4):314,
5365572-322. doi:10.1007/BF00283553

Auerbach AD. Fanconi anemia diagnosis and the diepoxybutane
(DEB) test. Exp Hematol. 1993;21(6):731, 8500573-733.

Dokal |, Luzzatto L. Dyskeratosis congenita is a chromosomal instabil-
ity disorder. Leuk Lymphoma. 1994;15(1-2):1, 7858487-7. doi:10.
3109/10428199409051671

Castella M, Pujol R, Callen E, et al. Bueren JA and Surralles J: chromo-
some fragility in patients with Fanconi anaemia: diagnostic implica-
tions and clinical impact. J Med Genet. 2011;48(4):242, 21217111-
250. doi:10.1136/jmg.2010.084210

Carrano AV, Natarajan AT. International Commission for Protection
against Environmental Mutagens and Carcinogens. ICPEMC publica-
tion no. 14. Considerations for population monitoring using cytoge-
netic techniques. Mutat Res. 1988;204(3):379, 3347212-406. doi:10.
1016/0165-1218(88)90036-5

Hsu TC, Johnston DA, Cherry LM, et al. Sensitivity to genotoxic
effects of bleomycin in humans: possible relationship to environmen-
tal carcinogenesis. Int J Cancer. 1989;43(3):403, 2466800-409. doi:
10.1002/ijc.2910430310

Wu X, Gu J, Hong WK, et al. Benzo[a]pyrene diol epoxide and bleo-
mycin sensitivity and susceptibility to cancer of upper aerodigestive
tract. J Natl Cancer Inst. 1998;90(18):1393, 9747870-1399. doi:10.
1093/jnci/90.18.1393

Tuimala J, Szekely G, Gundy S, Hirvonen A, Norppa H. Genetic poly-
morphisms of DNA repair and xenobiotic-metabolizing enzymes: role
in mutagen sensitivity. Carcinogenesis. 2002;23(6):1003, 12082022-
1008. doi:10.1093/carcin/23.6.1003

Szekely G, Remenar E, Kasler M, Gundy S. Does the bleomycin sensi-
tivity assay express cancer phenotype? Mutagenesis. 2003;18(1):59,
12473736-63. doi:10.1093/mutage/18.1.59

Borgmann K, Hoeller U, Nowack S, et al. Individual radiosensitivity
measured with lymphocytes may predict the risk of acute reaction
after radiotherapy. Int J Radiat Oncol Biol Phys. 2008;71(1):256,
18406889-264. doi:10.1016/].ijrobp.2008.01.007

Farkas G, Kocsis ZS, Szekely G, Kenessey |, Polgar C, Juranyi Z. Spon-
taneous chromosomal aberrations in lymphocytes and development
of tumor in hospital workers. Anticancer Res. 2022;42(2):1059,
35093907-1064. doi:10.21873/anticanres.15567

Kutler DI, Singh B, Satagopan J, et al. A 20-year perspective on the
International Fanconi Anemia Registry (IFAR). Blood. 2003;101(4):
1249, 12393516-1256. doi:10.1182/blood-2002-07-2170

Gluckman E, Wagner JE. Hematopoietic stem cell transplantation in
childhood inherited bone marrow failure syndrome. Bone Marrow
Transplant. 2008;41(2):127, 18084332-132. doi:10.1038/sj.bmt.
1705960

Lo Ten Foe JR, Rooimans MA, Bosnoyan-Collins L, et al. Expres-
sion cloning of a ¢cDNA for the major Fanconi anaemia gene,
FAA. Nat Genet. 1996;14(3):320, 8896563-323. doi:10.1038/
ngl1196-320

Auerbach AD. Fanconi anemia and its diagnosis. Mutat Res.
2009;668(1-2):4, 19622403-10. doi:10.1016/j.mrfmmm.2009.
01.013

85UB017 SUOLLLOD) BAIERID 3|qedtjdde ay) Aq pausenob a1e sapiie O ‘88N JO SajnJ o} Akeiq1T8Ul|UO A1 U (SUORIPUOO-PUR-SLLBHWI0D" A3 | 1M Afe.q 18U UO//SUNY) SUORIPUOD PUe SWiia | 84} 835 *[£202/50/.LT] U0 ARigITauluo AB|IM ‘Usdsigeq JO Aisieniun A 066€T UR/TTTT OT/I0P/W00" A3|1M Afeiqifpul|uo//Sdiy Wouy papeoiumod ‘0 ‘6090009T


https://orcid.org/0000-0002-4328-9612
https://orcid.org/0000-0002-4328-9612
info:doi/10.1159/000366251
info:doi/10.1038/35076590
info:doi/10.1016/j.blre.2010.03.002
info:doi/10.1016/j.blre.2007.11.003
info:doi/10.1016/j.blre.2007.11.003
info:doi/10.1155/2012/238731
info:doi/10.1186/s13023-022-02424-4
info:doi/10.1007/BF00389636
info:doi/10.1007/BF00283553
info:doi/10.3109/10428199409051671
info:doi/10.3109/10428199409051671
info:doi/10.1136/jmg.2010.084210
info:doi/10.1016/0165-1218(88)90036-5
info:doi/10.1016/0165-1218(88)90036-5
info:doi/10.1002/ijc.2910430310
info:doi/10.1093/jnci/90.18.1393
info:doi/10.1093/jnci/90.18.1393
info:doi/10.1093/carcin/23.6.1003
info:doi/10.1093/mutage/18.1.59
info:doi/10.1016/j.ijrobp.2008.01.007
info:doi/10.21873/anticanres.15567
info:doi/10.1182/blood-2002-07-2170
info:doi/10.1038/sj.bmt.1705960
info:doi/10.1038/sj.bmt.1705960
info:doi/10.1038/ng1196-320
info:doi/10.1038/ng1196-320
info:doi/10.1016/j.mrfmmm.2009.01.013
info:doi/10.1016/j.mrfmmm.2009.01.013

FARKAS ET AL.

European Journal of

24,

25.

26.

27.

Mahmood R, Mahmood A, Khan SA, Jaffar R. An experience with
124 cases of fanconi anemia: clinical spectrum, hematological param-
eters and chromosomal breakage analysis. Am J Blood Res. 2021;
11(5):498, 34824882-503.

Talmoudi F, Kammoun L, Benhalim N, et al. Cytogenetic assessment
of Fanconi anemia in children with aplastic anemia in Tunisia.
J Pediatr Hematol Oncol. 2013;35(7):547, 23337544-550. doi:10.
1097/MPH.0b013e31827e56¢ch

Bondy ML, Spitz MR, Halabi S, et al. Association between family his-
tory of cancer and mutagen sensitivity in upper aerodigestive tract
cancer patients. Cancer Epidemiol Biomarkers Prev. 1993;2(2):103,
7682127-106.

Cloos J, Nieuwenhuis EJ, Boomsma DI, et al. Inherited susceptibility
to bleomycin-induced chromatid breaks in cultured peripheral blood

28.

Haematology

WILEY_L_*°

lymphocytes. J Natl Cancer Inst. 1999;91(13):1125, 10393720-1130.
doi:10.1093/jnci/91.13.1125

Taylor AMR, Rothblum-Oviatt C, Ellis NA, et al. Chromosome instabil-
ity syndromes. Nat Rev Dis Primers. 2019;5(1):64, 31537806. doi:10.
1038/s541572-019-0113-0

&

How to cite this article: Farkas G, Székely G, Goda V, et al.
Chromosomal breakage tests in the differential diagnosis of
Fanconi anemia and aplastic anemia. Eur J Haematol. 2023;1-9.
doi:10.1111/ejh.13990

85U8017 SUOWILIOD BAIIaD) 8|qeot|dde ayy Aq pausenob ase sspie YO ‘88N Jo se|ni Joj Ariq1]aulUQ A3|IA UO (SUORIPUOD-PUR-SWBHW0D A8 | 1M Ae1q 1 BUI|UO//SANY) SUONIPUOD Pue SWIB | 8U} 89S *[£202/50/LT] Uo AriqiTauljuo AB|IMm ‘Usdeiged JO A1seAIUN Ad 066ET UR/TTTT OT/I0p/W00 A8 | Areiqijeuljuoy/Sdny wouy papeojumod ‘0 ‘6090009T


info:doi/10.1097/MPH.0b013e31827e56cb
info:doi/10.1097/MPH.0b013e31827e56cb
info:doi/10.1093/jnci/91.13.1125
info:doi/10.1038/s41572-019-0113-0
info:doi/10.1038/s41572-019-0113-0
info:doi/10.1111/ejh.13990

	Chromosomal breakage tests in the differential diagnosis of Fanconi anemia and aplastic anemia
	1  INTRODUCTION
	2  PATIENTS AND METHODS
	2.1  Patients and samples
	2.2  Lymphocyte cultures
	2.3  Mitomycin test
	2.4  Study of spontaneous chromosomal aberrations
	2.5  Bleomycin as a radiomimetic test
	2.6  In vitro irradiation with 3 and 6Gy
	2.7  Statistics

	3  RESULTS
	3.1  Chromosome fragility
	3.2  Spontaneous chromosome fragility
	3.3  Bleomycin mutagenity test
	3.4  Results of in vitro irradiation

	4  DISCUSSION
	5  CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


