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Abstract
Background. The high sensitivity of cells of Fanconi anemia (FA) patients to DNA cross-linking agents (clasto-
gens), such as mitomycin C (MMC), was used as a screening tool in Polish children with clinical suspicion of FA.

Objectives. The aim of the study was to compare chromosome fragility between 3 groups, namely non-FA, 
possible mosaic FA and FA patients.

Materials and methods. The study included 100 children with hematological manifestations and/or con-
genital defects characteristic of FA, and 100 healthy controls. Blood samples obtained from participants were 
analyzed using an MMC-induced chromosomal breakage test.

Results. Patients with clinical suspicion of FA were divided into 3 subgroups based on the MMC test results, 
namely FA, possible mosaic FA and non-FA. Thirteen out of 100 patients had a true FA cellular phenotype. 
The mean value of MMC-induced chromosome breaks/cell for FA patients was higher than for non-FA patients 
(6.67 ±3.92 compared to 0.23 ±0.18). In addition, the percentage of cells with spontaneous aberrations was 
more than 9 times higher in FA patients than in non-FA patients.

Conclusions. Our results confirmed that the MMC sensitivity test distinguishes between individuals affected 
by FA, those with possible somatic mosaicism, and patients with bone marrow failure for other reasons, who 
were classified as non-FA in the first diagnostic step. However, a definitive differential diagnosis requires 
follow-up mutation testing and chromosome breakage analysis of skin fibroblasts.
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Background

Fanconi anemia (FA) is  the  most prevalent cancer-
prone inherited bone marrow failure syndrome (IBMFS). 
The phenotype of FA patients is characterized by micro-
cephaly, radial ray defects, skin pigmentation abnormali-
ties, short stature, and genitourinary defects,1–4 although 
25% of patients do not present abnormalities or pancyto-
penia at birth. In this patient population, the diagnosis 
is often not established until they develop cancers typical 
of adults with FA or family studies are conducted.5–7

Fanconi anemia is a rare genetic disease caused by patho-
genic variants in any of the 23 FA complementation group A 
(FANC) genes, which are involved in the FA/breast cancer 
gene (BRCA) pathway. An autosomal recessive inheritance 
was demonstrated for 21 FANC genes, an autosomal domi-
nant inheritance was demonstrated for 1 gene (FANCR/
RAD51), and an X-linked recessive inheritance for another 
(FANCB). The incidence of FA is 1 in 300,000 live births, 
affecting from 1 to 9 people in 1,000,000, with a carrier 
frequency in the general population of around 1 in 181.8

The  consequences of  FA pathway failure manifest 
at  the  chromosomal, cellular and clinical levels, with 
characteristic structural aberrations formed at the chro-
mosomal level. Cellular outcomes include increased 
apoptosis, cell cycle changes and heightened sensitivity 
to DNA cross-linking agents such as exogenous mitomy-
cin C (MMC) and diepoxybutane (DEB), and endogenous 
aldehydes. At the clinical level, FA patients present a triad 
of symptoms that involve bone marrow failure, a high risk 
of cancer and congenital defects.9

Chromosomal aberrations found in metaphase spreads 
from FA patients include gaps, chromatid or isochromatid 
breaks, chromosome breaks, acentric fragments, dicentric 
chromosomes, chromatid interchange, and characteristic 
triradial and tetraradial figures.10

The hallmark of FA cells is high genomic instability, first 
described in 1966 by Schroeder as a high level of spon-
taneous chromosome breaks.11 Some years later, studies 
showed that hypersensitivity to DNA cross-linking agents 
caused this genomic instability, leading to the develop-
ment of the MMC and DEB tests, which are the “gold stan-
dard” diagnostic tests for FA. Although the high sensitivity 
to DNA cross-linking agents is the hallmark of peripheral 
blood T-lymphocytes of FA patients, it  is not observed 
in all FA cases.12,13

Around 10–20% of FA patients present with a special 
type of hematopoietic somatic mosaicism that reduces 
or eliminates lymphocyte sensitivity to clastogens. Identi-
fying individuals affected with mosaicism using a chromo-
some breakage test can be difficult. Various mechanisms, 
such as back mutation, gene conversion, intragenic cross-
over, and second-site mutation, may result in the restora-
tion of the affected gene to wild type, and these mecha-
nisms have been identified in cells of mosaic FA patients. 
Gene reversion may affect all hematopoietic cell lineages, 

causing a “natural gene therapy” with a stable phenotype 
or only individual cell lines and leading to a limited effect. 
The success of reversion depends on the stage of differen-
tiation of the cell at which the gene correction occurs.14,15

Determining the level of chromosomal abnormalities 
is crucial for identifying patients with FA. The most chal-
lenging problem when interpreting the results of chromo-
some breakage tests is distinguishing between non-FA 
and mosaic FA patients. Some non-FA patients may have 
a proportion of T-lymphocytes with chromosome breaks 
after chemotherapy treatment, which can be interpreted 
by inexperienced cytogeneticists as mosaicism, leading 
to false-positive results. In contrast, a high proportion 
of reverted T-lymphocytes in FA mosaic patients can lead 
to false negatives.16,17

A spontaneous chromosome breakage analysis of cells 
not treated with MMC is also required since various levels 
occur among patients with different FA subtypes. Individu-
als with variants in FANCD1/BRCA2 or FANCN/partner 
and localizer of BRCA2 (PALB2) genes have very high 
levels of spontaneous breakage and atypical aberrations 
compared with other groups of FA patients. Other DNA 
repair deficiency syndromes also show increased levels 
of spontaneous fragility, and it is possible to reveal specific 
types of chromosomal abnormalities for these syndromes. 
For example, telomeric rearrangements are present in cells 
of patients with dyskeratosis congenita, premature centro-
mere separation occurs in Roberts syndrome, and Warsaw 
breakage syndrome and aberrations of chromosomes 7 
and 14 are frequent in Nijmegen breakage syndrome and 
ataxia–telangiectasia. Additionally, analyzing breakages 
on G-banded chromosome preparations makes it pos-
sible to diagnose constitutional chromosome aberrations 
that may be responsible for the patient’s clinical features 
in around 1–2% of patients with suspected FA.10,18

Objectives

The aim of the study was to assess chromosomal fra-
gility using chromosome aberration analysis, including 
the number of chromosomal breaks and/or radial figures/
cell, percentage of cells with aberrations, and breaks or ra-
dials/aberrant cell in Polish patients with suspected FA.

Materials and methods

Patients

One hundred patients (52 females and 48 males) with 
suspected FA were referred to the Department of Clini-
cal Genetics of Collegium Medicum in Bydgoszcz (Nico-
laus Copernicus University in Toruń, Poland). The age 
at diagnosis ranged from 1 month to 32 years (median: 
15.36 years).
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Sampling and culture conditions

Peripheral blood samples were collected with heparin 
(≥5 mL) to prepare cultures for routine cytogenetic analy-
sis upon receiving signed consent forms from the parents 
of  examined children and healthy controls. Four cul-
tures were set up for each participant by adding 0.5 mL 
of blood to 4.5 mL of Roswell Park Memorial Institute 
(RPMI) 1640 culture medium containing 15% fetal bo-
vine serum (FBS), phytohemagglutinin (PHA) and gen-
tamicin (all from Thermo Fisher Scientific, Waltham, 
USA), according to the procedure described by Oostra 
et al.10 Cultures were incubated for 72 h with 0, 50, 150, 
or 300 nM of MMC (Sigma-Aldrich, St. Louis, USA). Cells 
were harvested after the treatment with colcemid (0.1 µg/
mL) for 50 min. The next step involved incubation with 
0.075 M KCl for 20 min at 37°C, followed by fixation with 
methanol and acetic acid (3:1). Lastly, microscope slide 
were prepared by staining cytogenetic preparations in 5% 
Giemsa solution for 2 min (Sigma-Aldrich) using the no 
banding technique. Chromosome breakage was analyzed 
using the Nikon E600 microscope (Nikon Corp., Tokyo, 
Japan) with a computer-assisted metaphase system (ASI 
Technologies, Netzer Sereni, Israel).

Cytogenetic analysis

The analysis included at least 50 metaphases from MMC-
treated and untreated cultures of every patient and healthy 
control (Table 1,2). According to the recommendations for 
chromosomal breakage testing with MMC, it is necessary 
to set up the cell cultures from healthy controls concur-
rent with the samples from patients with suspected FA.10 
The chromosome breakage analysis was performed using 
the aberrations outlined in Table 3, though chromosome 
and chromatid gaps were not scored.

The data were analyzed and scored for each patient and 
healthy control as a percentage of aberrant cells, mean 
chromosome breaks/cell, mean chromosome breaks/ab-
errant cell, and triradial, tetraradial and chromatid inter-
change figure frequency (Table 1,2).

Statistical analysis

The Shapiro–Wilk (S–W) test, with a statistical sig-
nificance level of 0.05, was used to determine the distri-
bution of MMC test data across all investigated groups 
– control, non-FA, possible mosaic FA, and FA. The high-
est p-value for all S–W tests was 0.04, indicating that 
the data were non-normally distributed. As such, further 
analysis required non-parametric statistical methods, with 
the Mann–Whitney U test with Bonferroni correction 
applied to compare FA, possible mosaic FA and non-FA 
groups to the control group. A statistical significance level 
of 0.05 was established for this test. All analyses employed 
PQStat v. 1.8.2 (PQStat Software, Poznań, Poland).

Results

The results of the chromosome breakage examination 
and cytogenetic analysis of a population of Polish patients 
presented herein were systematically obtained in the same 
laboratory under controlled conditions over a 6-year pe-
riod (2015–2020). There are no studies on FA conducted 
in Poland, except for a small number of case reports.

The MMC test results included the percentage of aber-
rant cells, the number of breaks/analyzed cell, the number 
of breaks/aberrant cell, and the presence of radial figures 
characteristic of  FA, which allowed for the  stratifica-
tion of patients into 3 subgroups: FA, displaying a typical 
MMC-sensitive cellular response, possible mosaic FA, and 
non-FA. The results of the spontaneous and MMC-induced 
breakage for all subgroups and controls are presented 
in Table 1 and Table 2.

Thirteen out of 100 examined patients (13%) had a cel-
lular FA phenotype, with increased MMC-induced chro-
mosomal breaks at 50-nM, 150-nM and 300-nM MMC 
concentrations (Fig. 1). Twelve of the 13 FA patients showed 
an increased rate of spontaneous breaks, while 1 patient 
had no spontaneous breaks. Meanwhile, 27 patients had 
possible mosaic FA, as they presented with only a slightly 
higher number of aberrant cells and breaks/aberrant cell 
and characteristic radial figures. The remaining patients 
presented with single chromosome breaks only, similar 
to the control group, and they were classified as non-FA.

Fig. 1. Metaphase spread from a Fanconi anemia (FA) patient

ace – acentric fragment; chtb – chromatid break; chtg – chromatid gap; 
tri – triradial figure; tetra – tetraradial figure; chte – chromatid interchange 
figure.
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The most reliable results were obtained using the highest 
MMC concentration (300 nM), with an increased aberra-
tion rate in FA patients. Moreover, statistically significant 
differences in aberration rates were observed between pa-
tient and control blood samples (Fig. 2,3).

In the present study, the maximal percentage of MMC-
induced breaks/aberrant cell at 300-nM MMC was 100%. 
The  median number of  MMC-induced chromosome 
breaks/cell for the FA patients was 4.86, with a Q1 value 
of 4.24 and a Q3 value of 8.34. The MMC-induced breaks/

Table 3. Scoring aberrations in chromosomal breakage test with 
mitomycin C (MMC)

Type of aberration Break events, n

Chromatid/chromosome break (chtb) 1

Acentric fragment (ace) 1

Dicentric chromosome (dic) 2

Triradial figure 2

Tetraradial figure 2

Complex reciprocal chromatid 
exchange (chte)

sum of centromeres and open 
breaks

Fig. 3. Differentiation between 
Fanconi anemia (FA) and other groups 
by comparing mean breaks/abnormal cell 
values in the different study groups after 
treatment with various concentrations 
of mitomycin C (MMC). A. Culture without 
MMC; B. Culture with 50 nM of MMC; 
C. Culture with 150 nM of MMC; D. Culture 
with 300 nM of MMC

SD – standard deviation.

Fig. 2. Differentiation between 
Fanconi anemia (FA) and other groups 
by comparing mean breaks/cell observed 
in the different study groups after 
treatment with various concentrations 
of mitomycin C (MMC). A. Culture without 
MMC; B. Culture with 50 nM of MMC; 
C. Culture with 150 nM of MMC; D. Culture 
with 300 nM of MMC

SD – standard deviation.
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aberrant cell ranged from 3.44 to 16.18, while the median 
was 6.18 (Q1 = 5.14, Q3 = 8.34) (Table 2). Meanwhile, pa-
tients who presented with possible mosaic FA had a me-
dian breaks/cell value of 0.64 (Q1 = 0.55, Q3 = 1.02) and 
median MMC-induced breaks/aberrant cell value of 2.18 
(Q1 = 1.92, Q3 = 2.74) (Table 2). Patients with no MMC 
hypersensitivity (non-FA group) had a median breaks/cell 
value of 0.18 (Q1 = 0.10, Q3 = 0.30) and a median MMC-
induced breaks/aberrant cell value of  1.00 (Q1  =  0.79, 
Q3 = 1.31) (Table 2). In the control group, the median 
breaks/cell was 0.30 (Q1 = 0.16, Q3 = 0.54), and the median 
MMC-induced breaks/aberrant cell was 1.22 (Q1 = 1.00, 
Q3 = 1.28) (Table 2).

Data from other cultures (0-nM, 50-nM and 150-nM  
MMC) were analyzed similarly. Patients with FA were vis-
ibly different from non-FA individuals and those with pos-
sible mosaic FA (Table 2). The statistical analysis showed 
significant differences between the FA group and other 
groups (p < 0.01 for all comparisons using the Mann–
Whitney U test with Bonferroni correction).

Discussion

Fanconi anemia is a rare human genetic condition as-
sociated with hematological manifestations and a high risk 
of solid tumors. The clinical picture of FA may present 
with hypopigmentation or hyperpigmentation of the skin, 
short stature, skeletal defects of the limbs such as radial 
aplasia and hand and thumb abnormalities, congenital 
heart defects, and kidney malformations. Bone marrow 
failure usually develops between 7 and 10 years of age, 
while neoplasms can occur in up to 20% of patients. Acute 
myeloid leukemia is most frequent in adolescence, while 
head and neck tumors usually develop in adulthood.2,13

The chromosome breakage protocol used in the pres-
ent study has been widely applied to detect FA for around 
30 years. It requires a time-consuming analysis and spe-
cialized laboratory staff. The DNA cross-linking agents 
such as MMC, DEB and cis-diamminedichloroplatinum(II) 
(cisplatin) are used to demonstrate the hypersensitive phe-
notype of FA cells. According to the International Fanconi 
Anemia Registry (IFAR), DEB sensitivity is much more 
accurate for FA diagnosis than other cross-linking agents. 
However, most laboratories perform chromosome break 
induction in lymphocyte cultures of possible FA patients 
using MMC, since DEB is on the Special Health Hazard 
Substance List, as it is a volatile carcinogen that should 
be handled with great caution. In contrast, MMC and cis-
platin are clinically approved chemotherapeutic agents 
that undergo rigorous quality control and are stable when 
stored in the vials provided by the manufacturer.10,19

Diagnosing patients with somatic hematopoietic mosa-
icism is challenging since a subset of their peripheral blood 
cells undergoes a molecular event in which 1 FANC allele 
reverts to normal while the second allele remains mutated. 

Furthermore, mosaicism presenting in the blood or bone 
marrow of those with FA does not protect from the devel-
opment of clonal chromosome abnormalities, hematologic 
malignancies or solid tumors.15

In the present study, the results of the MMC breakage 
test revealed a higher percentage of MMC-induced ab-
errant cells in FA patients compared to non-FA patients 
and possible mosaic FA patients. The study revealed that 
13 (13%) out of 100 examined patients had a cellular FA 
phenotype with increased MMC-induced chromosome 
fragility. The number of MMC-induced breaks/cell after 
300-nM MMC treatment was more than 23 times higher 
in FA patients than in non-FA patients, and a clear discrim-
ination was observed between FA and non-FA subgroups.

According to  the  IFAR study, significant differences 
were observed between the FA and non-FA groups based 
on DEB-induced chromosome breaks. Also, patients from 
the possible mosaic FA group had lower chromosome fra-
gility than FA patients. However, there was an overlap be-
tween the possible mosaic FA group, non-FA group and 
controls. These findings may have resulted from a low 
number of cells with substantial breaks and/or radials 
in  healthy individuals, a  phenomenon also described 
by Castella et al.20

According to  the current study, the  incidence of FA 
is lower in the Polish population than in other European 
countries,3,17 which may result from the routine testing 
of children, but not adults, with a clinical suspicion of FA 
in Poland. Moreover, it would be reasonable to perform 
simultaneous blood and skin tests in all patients with 
suspected FA at the beginning of the diagnostic process 
to detect those with mosaic FA.

Limitations

An important limitation of our work is that we only per-
formed a cytogenetic study on peripheral blood T-lym-
phocytes to distinguish possible mosaic FA patients from 
definite FA patients. Chromosome breakage tests on skin 
fibroblasts and FANC gene sequencing of blood and skin 
in possible mosaic FA patients are necessary for the next 
step of our research. However, the strength of our study 
is that it is the first to directly compare cytogenetic results 
of patients classified as FA, possible mosaic FA and non-FA 
in a Polish population with suspected FA.

Conclusions

The results of the current study highlight the impor-
tance of performing standard diagnostic MMC tests in pa-
tients with suspected FA. The role of FA laboratory tests 
in this regard is extensive:

1.  The heterogenic nature of FA is often the reason for 
late clinical diagnosis. Moreover, 3 well-known syndromes 
can yield positive results in the chromosomal breakage test, 
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including Warsaw breakage syndrome, Nijmegen breakage 
syndrome and Roberts syndrome, though all are character-
ized by specific chromosomal aberrations10;

2.  Patient control and care by hematologists, oncologists 
and other specialists are required for life-long monitoring 
and treatment of FA21,22;

3.  Positive MMC-induced breakage results are cru-
cial for patients requiring bone marrow transplantation 
or chemotherapy. Patients with FA require a modified pre-
transplantation conditioning protocol, with a lower than 
usual dose of chemotherapeutic agents21;

4.  The results of the present study indicate that testing 
MMC-induced chromosome breakage is useful for dis-
tinguishing FA patients from others manifesting some FA 
clinical features. An accurate diagnosis in these patients 
is critical for therapeutic decision-making.
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