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ABSTRACT
Objectives: Fanconi anemia is caused by mutations in related FANC genes that are  
involved in DNA repair pathways. Diepoxybutane induced chromosome break test in 
lymphocytes if positive is affirmative for the diagnosis. However, in 20-25% of the 
cases the test results have intermediate values which are mostly attributed to somatic 
mosaicism and cause an ambiguity for diagnosis.  Here, we utilize the relatively new and 
rarely used FANCD2 mono-ubiquitination test to facilitate and resolve the diagnostic 
problem in a clinical scheme. 
Methods:  Fifteen patients with different diepoxybutane test results (positive, interme-
diate, negative) and four control subjects were included to the study. Western blot analy-
ses in cultured peripheral blood lymphocyte-isolates were done with a specific antibody 
to discriminate between ubiquitinated and non-ubiquitinated forms of FANCD2.
Results: The test confirmed the diagnosis in one of the diepoxybutane positive patients. 
In four cases out of seven with intermediate test values we were able to make the right 
diagnoses. For the other three in this group, FANCD2 test neither confirmed nor rejec-
ted the diagnoses which may be due to high somatic mosaicism or due to a defect in the 
downstream part of the Fanconi pathway. The ubiquitinated isoform of FANCD2 were 
detected in all six diepoxybutane negative cases. 
Conclusion: It is expected that adopting FANCD2 mono-ubiquitination Western blot 
analysis as a diagnostic tool with the proposed algorithm could facilitate the manage-
ment of Fanconi Anemia without compromise.
Keywords: Fanconi anemia, FANCD2, mono-ubiquitination, diagnosis, DEB testing 
algorithm 

ÖZET
Amaç: Fanconi anemisi DNA onarım yolaklarında rolü olan FANC genlerindeki mutas-
yonların neden olduğu bir hastalıktır. Diepoksibütan ile uyarılmış lenfosit kırık testinin 
pozitifliği tanı koydurucudur. Ancak olguların %20-25’inde sonuçlar ara değerlerde, 
ender de olsa negatif saptanabilirler ve bu durum çoğunlukla somatik mosaisizm ile 
açıklanır. Bu çalışmadaki amacımız, klinik uygulama düzeninde ülkemizde henüz 
uygulanmayan FANCD2 mono-ubikitinasyon testinin tanı için standart kabul edilen 
kromozom kırık testi ile birlikte kullanımı ile tanısal sorunlara kolaylaştırıcı çözüm 
sağlama potansiyelini sınamaktır.
Gereç ve Yöntemler: Bu çalışmada farklı diepoksibütan test sonuçlarına göre (pozitif, 
ara değer, negatif) seçilmiş 15 olguda  izole lenfosit kültürlerinden elde edilen hücre li-
zatlarında FANCD2 antikoru ile Western blot incelemesi gerçekleştirilerek bu proteinin 
ubikitinli ve ubikitinsiz izoformlarının ayrımı sağlanmıştır. 
Bulgular: Test ile DEB pozitif bir olguda tanı doğrulanmış, aradeğerli olguların dör-
dünde Fanconi tanısı konularak olgu izleminin sürüncemede kalması engellenmiştir. 
Ara değerli üç olguda FANCD2 testi tanı açısından belirleyici olmamıştır. Bu durum 
hastaların lenfosit popülasyonlarındaki yüksek somatik mozaiklik veya ilgili yolağın 
alt kısımlarındaki bozukluklar ile açıklanmaktadır. DEB negatif olguların hiçbirinde 
FANCD2’nin mono-ubikitine izoformu saptanmamıştır. 
Sonuçlar: Western blot yöntemi ile FANCD2 mono-ubikitinasyon analizinin, önerilen 
algoritma eşliğinde uygulanması ile Fanconi anemisinin tanısal yaklaşımına ödünsüz 
şekilde kolaylık sağlaması beklenmektedir.    
Anahtar sözcükler: Fanconi anemisi, FANCD2, mono-ubikitinasyon, tanı, DEB testi, 
algoritma
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Introduction
Fanconi anemia (FA) is a chromosome instability 
syndrome caused by cross-linking agents and ionizing 
radiation in susceptible cells (1,2).  FA is rare disease 
with low prevalence and incidence and has an estima-
ted heterozygous carrier frequency of 1 in 300, although 
this may be higher in certain ethnic groups (3,4). FA is 
inherited in autosomal recessive or in X-linked fashion 
depending on the chromosomal loci of responsible ge-
nes. The spectrum and frequency of clinical manifestati-
ons are well documented (5,6). Sensitivity to DNA cross-
linking agents like mitomycin C and diepoxybutane 
(DEB) is a well known cellular response in this disorder 
(7).  For most of the FA cases the clinical diagnosis with 
ascertainment is limited due to a large number of vari-
ant or sometimes subtle clinical manifestations that may 
arise relatively late in childhood. Pancytopenia alone, or 
with growth retardation, or with radius anomalies are 
conspicuous findings in FA (8).  Most of the time hyper-
pigmentation is also associated with these clinical mani-
festations. However, absence of one or more of these fre-
quent characteristics of this disease may hinder correct 
or timely diagnosis (9,10). A prompt diagnosis of this 
condition postpartum or prenatally is crucial for moni-
toring the patient’s prognosis, and for implementing a 
suitable treatment protocol. Bone marrow transplanta-
tion is often the only choice in the presence of aplastic 
anemia or hematological malignancy and would require 
the selection of proper donor from the family with the 
exclusion of FA. 
FA proteins are involved in DNA repair and constitute 
a pathway interacting with other proteins during DNA 
replication and repair (3,12). Currently there are thirteen 
genes identified	 and with their respective protein pro-
ducts they constitute the complementation groups which 
are responsible for FA disorder and these proteins with 
a “FANC” or “FA” prefixes  often called as subtypes  A, 
B, C, D1/BRCA2, D2, E, F, G, I, J, L, M and, N  were 
elaborately analyzed in patients’ cell lines to form func-
tional complementation partners by somatic hybridi-
zation studies (11). Eight of these proteins, (FANCA, 
FANCB, FANCC, FANCE, FANF, FANCG, FANCL 
and FANCM) form the FA core complex and move into 
the nucleus through nuclear localization signals which 
some members of this complex bare. In response to 
DNA-damage during replication this complex activates 
FANCL, an E3 ubiquitin ligase, which facilitates  the 
monoubiquitation of FANCD2 and the FANCD2 asso-
ciated protein FANCI. FANCI were found to enhance 
repair although its role is not as crucial as FANCD2 ubi-
quitination (12). FANCD2, upon mono-ubiquitination 
interacts with other members of FA proteins (FANCD1/
BRCA2, FANCJ, FANCN) as well as with other DNA-
repair proteins (BRCA1, RAD51) which take place in 
DNA repair and chromosomal stability (12) . The path-
way might be regarded as two but consecutive events, 
the formation of core complex  which results in FANCD2 

mono-ubiquitination - a prerequisite for FA/BRCA path-
way related DNA repair action - and the downstream 
events with the contribution of other FA proteins and 
their associates.  Most of the patients have mutations in 
one of the FA genes that encode the core complex.  The 
majority of the mutations are seen in FANCA (66%) fol-
lowed by FANCC (10%), FANCG (9%). The prevalence 
of FANCB , FANCD1, FANCD2, FANCF, FANCI and 
FANCJ  is approximately 2% each (12). Thus, the sum 
of the mutations seen in the genes of core-complex rela-
ted proteins explains the molecular defect in more than 
90% of FA cases.  Shimamura et al.(13)  have deveolped 
a test based on immunoblotting of FANCD2 to detect 
mono-ubiquitinated and non-ubiquitinated isoforms of 
this key protein. The diepoxybutane (DEB) test which is 
based on the induction of cellular DNA to crosslinking 
in cultured cells causing breaks and abnormal structures 
in the chromosomes during metaphase is a phenotypic 
feature and currently the preferred diagnostic test in FA. 
Molecular genetic testing allows the detection of muta-
ted gene in more than 90% of the cases but, they are 
expensive, time-consuming and can be troublesome due 
to genetic heterogeneity (3).  Complementation analyses 
usually performed for research purposes are not suitable 
for routine diagnostic testing. Since 1989, according to 
the IFAR guidelines the positive DEB test alone is consi-
dered to be sufficient for FA diagnosis and average chro-
mosomal breakage frequency is used as a criteria for 
DEB positiveness, hence not all examined cells should 
contain at least one break (14). The average chromoso-
mal breakage frequency in peripheral blood lymphocy-
tes is 0 to  0.05 breaks per cell in normal individuals and 
0.02 to 0.85 per cell in FA patients. The DEB-induced 
chromosomal breakage frequency ranges from 0.00-
0.10 breaks per cell for normal individuals and for the 
FA patients from 1.00-23.9 breaks per cell.  However, in 
some patients the percent of cells exhibiting chromoso-
mal breakage from DEB-cultures can vary from as low 
as 10% to as high as 100% (15). Such results fall betwe-
en a range that hinders acertainment of FA through DEB 
testing. These instances are suggested to arise from so-
matic mosaicism that can be seen in hematopoietic cells 
where two population of cells differ in their sensitivity 
to clastogenic agents hence, resulting in the disease phe-
notype reverting back to normal in the relevant cell clo-
nes and account for 10-25% of the cases (16,17).
DEB testing is repeated as a routine approach in FA di-
agnosis for these cases. While a positive test result may 
warrant FA diagnosis in retesting, the problem is not 
resolved for most of the cases. In the presence of a pre-
diagnosis based on strong clinical evidence an interme-
diate or even a negative DEB result complicates the ma-
nagement of the disease (15,16). In the current study we 
review and adopt the FANCD2 mono-ubiquitination by 
Western blot analysis for a number of cases and subjects 
for diagnosis and control. State of the art techniques can-
not be used in routine diagnostic methods mainly due to 
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multigenic and multiallelic nature of FA. The advantage 
of FANCD2 monoubiquitination test arises especially 
for its discrimination propertry  between disease and 
non disease status for 90% of the cases, the method itself 
was easy in application and for implementation as part of 
a routine testing. Besides its high specificity the results 
obtained were decisive especially for some cases where 
DEB tests did not accord with strong clinical evidence 
for FA.  

Materials and Methods

Cases:
Fifteen patients referred to the Departments of Medical 
Genetics or Pediatric Hematology of Ankara University 
Faculty of Medicine on the basis of clinical manifestati-
ons and previous DEB testings and four healthy volunte-
ers as controls were included to the study for FANCD2 
mono-ubiquitination test between December 2009 and 
March 2010. Two of the patients were previously diagno-
sed as FA with positive DEB testing results. Seven pati-
ents had intermediate chromosome break ratios (>%10) 
therefore baring uncertainty for FA diagnosis with DEB 
testing. The rest of the patients and subjects were either 
consulted to exclude FA or to confirm the absence of FA 
disease thus they can be eligible for bone marrow do-
norship for their kins. Informed consents were obtained 
from all of the subjects or from their parents and/or guar-
dians. The study was approved by the Ethical Committee 
for Clinical Researches of Ankara (02.12.2009/05-57).  

Lymphocyte  cultures and preparation of cell 
lysates:
Peripheral blood samples were layered on to Histopa-
que-1077 (Sigma Aldrich, USA) in equal volumes and 
mononuclear cells were seperated by density gradient 
centrifugation at 400xg for 30 min. at room temperature. 
Buffy coats were collected, transferred to fresh tubes, 
washed and centrifuged three times at 250xg for 10 min. 
The pellets were resuspended in equal volume of RPMI 
1640 (PAA Laboratories GmbH) and cells were counted 
in a hemocytometer.  Lymphocytes were seeded (5x105 
cells/ml) in a final volume of 5 ml RPMI 1640 culture 
medium supplemented with 15% heat-inactivated fe-
tal bovine serum (Biochrom AG), L-glutamine (1mM), 
streptomycin (100 mg/ml), penicillin (10 U/ml), phyto-
hemaglutinin (10 mg/ml; Biological Industries Israel 
Beit-Haemek) as mitogen, and incubated for a period of 
72  h at 37oC. Cultures were harvested, resuspended in 
PBS and counted. 

Cytogenetic analysis of chromosome breaks:
Hypersensitivity to clastogenic effect was tested with 
DNA cross-linking agent DEB in the new patients as 
part of a routine analysis. Heparinized peripheral blood 
samples (0.5 ml) were obtained and cultured in replicates 
with conditions described in the previous section. DEB 

was added to one set of cultures at a final concentration 
of 0.1 mg/ml after 24 h, the other set remained untreated. 
Slides were Giemsa stained and 50 metaphases were ins-
pected and scored for chromosome breakage. In accord 
with the International Fanconi Anemia Registry crite-
ria (7), patients were diagnosed as having FA when the 
frequency of breaks/cell in the metaphases from treated 
cultures was over 1.00. Any ratio over 0.1 but less than 
1.00  were considered as intermediate values.

Western blot analysis:
Lysis buffer (50 mM Tris-HCl pH 8, 1% Nonidet-P40, 
150 mM NaCl, and mix protease inhibitors) were ad-
ded to 5x106 cells harvested from each culture to yield 
approximately 50-100 ug of total protein load for a final 
concentration in sample buffer, determined with Brad-
ford reagent (BioRad) spectrophotometric protein quan-
titation assay, incubated on ice for 15 min, centrifuged 
down and stored at -20oC as cell lysates. Samples were 
loaded to 5% stacking, 7% seperating sodium dodecyl 
sulfate (SDS) polyacrylamide gels in sample buffer (50 
mM Tris-HCl, 10% 2-mercaptoethanol, 2% SDS, bro-
mophenol blue) preheated to 97°C for 3 min and were 
run along with protein molecular weight markers (Sigma 
Aldrich) for 15 min under 10 mA and 45 min under 20 
mA constant currents for stacking and seperating parts 
respectively. Proteins were then transferred to polyviny-
lidene fluoride (Immobilon –P, Millipore) membranes 
prewet with absolute methanol and 1X transfer buffer 
(25 mM Tris base, 200 mM glycine) in a transfer appara-
tus containing 1X transfer buffer.  The membranes were 
blocked with 5% drymilk in TBS-T buffer (50 mM Tris-
HCl, 150 mM NaCl, 0.1% Tween 20), incubated first 
with rabbit anti-human FANCD2 polyclonal primary 
antibody (Ab2; Calbiochem/Immunochemicals, USA) 
for 2 h at 1:1000 dilution and second with goat anti-
rabbit antibody conjugated to horseradish peroxidase at 
1:10000 diliution. Membranes were visualized by enhan-
ced chemiluminescence method using Luminal Reagent 
(Santa Cruz Biotechnology, USA) according to the ma-
nufacturers inscriptions. After being exposed to X-ray 
films blots were inspected for the presence or absence of 
the large bands  coresponding to the mono-ubiquitinated 
(162 kDa) or small non-ubiquitinated (155 kDa) forms of 
FANCD2 (FANCD2-L/S). Digital images were produ-
ced with a computarized CCD camera system. 

Results
Western blots of mono-ubiquitinated FANCD2 protein 
with a specific antibody in cultured blood mononuclear 
cell lysates of four healthy controls all show one large 
(162 kDa) and one small (155 kDa) band corresponding 
to mono-ubiquitinated and non-ubiquitinated protein 
isoforms respectively.  In Figure 1 single and double 
banded patterns from various samples are distinguishab-
le. The demograhics of each case, their clinical findings, 
conventional cytogenetic analyses results, and chromo-
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some break ratios are provided in Table 1. The patients 
were divided into three subgroups in accordance with 
their DEB results and presented in Table 2 with Western 
blot images. The first two cases denoted with a “+” sign 
were FA patients and their diagnoses had been confir-
med with positive DEB results. The second group (cases 
3-9) with uncertain DEB results (?) due to inadequate 
percentage of chromosome breaks were referred with FA 
prediagnosis. The last group (cases 10-15) who were eit-
her referred for exclusion or for confirmation of absence 
of FA were all tested DEB negative.  
In one of the two cases with unequivocal DEB positi-
ve results FA diagnosis was confirmed with the ab-
sence of FANCD2-L (case #1), the other case noted as 
FANCD2-L/S positive, thus mono-ubiquitination test 

Figure 1. A representative image of Western blot analysis of FANCD2 
proteins. Cell lysates of mono-nuclear isolates were seperated in 
SDS polyacrylamide gel electrophoresis, transferred to membranes, 
incubated with rabbit anti-human FANCD2 polyclonal primary 
antibody then with horseradish peroxidase conjugated secondary 
antibody, and visualized by enhanced chemiluminescence. Upper 
and lower bands represent mono-ubiquitinated and non-ubiquitinated 
forms of FANCD2 respectively (FANCD2-L/S). (A) Lanes 1-4: 
control subjects. (B) Lanes 5-6: DEB negative cases (#14, #15), lane 
7: a DEB intermediate case (#7). (C) Lane 8: DEB intermediate case 
(#5), lane 9: DEB positive case (#1). Left most lane was alocated for 
molecular weight standarts in the gel and is not visible in the blot.   

Table 1.  Clinical Synopsis of the Study Cases

Case
#

Age Sex Clinical phenotype Family History Related to
FANC

Mutation
Analysis

1 13 M thumb abnormality, hyperpigmentation                                                                                                                                
                                                                                                              No case #8 No

2 6 F aplastic anemia, growth retardation, 
microcephaly, café au lait spots Parents: distant relatives No No

3 7 M cryptorchidism, left renal hypoplasia  
thrombocytopenia, pes equinovarus

Aunt (father side) with FA 
died at 17 No No

4 6 F
growth retardation, microcephaly,  

dysplastic auricula, bilateral thumb abnor-
mality, café au lait spots  

aplastic anemia (Dx: at age 5)
Parents: distant relatives No No

5 6 F
growth retardation, micrognathia,  

short neck, café au lait spots  
bicytopenia, microcytic anemia

Parents: 1st cousins No No

6 12 M bicytopenia, hyperpigmentation,  
café au lait spots

Parents: 1st cousins  
4yearold brother: growth 

retardation  
2nd cousin: suspected FA

No No

7 13 F
wilms tumor (Dx: at age 2) 

no other findings  
acute myelogenous leukemia (Dx: at age 11)

Parents: 2nd cousins  
15yearold brother: Growth 

retardation
No

BRCA2 
c.9052 

9057 del6

8 4 M
healthy

considered as a bobe marrow donor
Brother: DEB tested posi-

tive, (Dx: FA at age10) case #1 No

9 1.5 F
short stature, low weight, microcephaly,  
dysplastic auricula, pectus excavatum  

bilateral thumb abnormalities,  
low red cell count

Parents: 2nd cousins No No

10 12 M
Hyperpigmentation, hypertrichosis  

bilateral thumb abnormalities,  
aplastic anemia

Parents: 1st cousins No No

11 16.5 M acute myelogenous leukemia (Dx: at age 16) No No No

12 17 M
acute rheumatoid arthritis (Dx: at age 1.5)  

hearing loss (otitis media complication)  
wide spread vitiligo, café au lait spot  

pancytopenia (Dx: at age 12)

Parents: 1st cousins  
Younger brother: Died at 

13 from pancytopenia
No No

13 5 F healthy  
bone marrow donor candidate

Parents: 2nd cousins  
Younger sister: FA (Dx: at 
age 2), she’s not a subject 

of the current study
case #14 No

14 10 F healthy  
bone marrow donor candidate  Same as above case #13 No

15 15 F dyserythropoietic anemia (Dx: at age 5)  
cardiomyopathy

Parents: 1st cousins  
Younger brother: Died at 

6 months, cause unknown
No No
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Discussion
In the current study fifteen cases were screened for 
the presence or absence of mono-ubiquitinated form of 
FANCD2 with Western blot analysis. The cases were in-
tentionally selected and included to the study depending 
on their DEB analyses results and reasons for their refer-
ral. Hence we included two cases to the study with strong 
clinical evidences and following DEB positiveness. In 
the first patient who was being followed with typical cli-
nical features of FA for four years, we confirmed the di-
agnosis with the FANCD2 mono-ubiquitination testing. 
Likewise, the second patient who displayed a profound 
FA phenotype both for DEB-induced chromosome bre-
aks and for clinical manifestations did not show a defect 
in the formation of FA core-complex. It’s known that 
10% of the patients have a defect beyond this point (18). 
This result indicated to a fault in the downstream events 
responsible for proper FA pathway function for this pati-
ent. Nevertheless, the positive DEB test alone was affir-
mative for the diagnosis. The following seven cases all 
showed intermediate chromosome breaks in DEB tests. 
This was a constraint for a decisive therapeutic action 
from clinical point of view.  Four of these cases (#3-6) 
with supporting clinical evidence for the presence FA 
were in a situation such as mentioned. In several studies 
(19-23), intermediate DEB results in FA are attributed to 
somatic mosaicism due to reverse mutations taking pla-
ce in hematopoietic  cells and causing to the existance 
of two different populations of lymphocytes and their 
opposite reactions to DNA cross-linking agents while 
non-hematopoietic cells consistently show sensitivity 
against DEB and similar agents. This, in fact, suggested 
the use of alternative tissues for DEB testing, such as 
fibroblasts.  In contrast to peripheral blood cells, tests 
performed with solid tissue cells are invasive on patients, 
take longer time and difficult to cultivate. Here, the ab-
sence of FANCD2 mono-ubiquitination in all these four 
cases indicated to core-complex formation problems and 
their diagnosis as FA were undisputed therefore further 
testing were avoided.  The other three cases (#7-9) also 
showing intermediate DEB results were tested positive 
for the FANCD2-L, so both tests were non-confirmative 
for the diagnosis.  Displaying a characteristic clinical FA 
phenotype, case #7 has been previously investigated for 
the frequent FANC mutation loci and reported to have 
maternally inherited BRCA2_c.9052_9057 del6 mutati-
on in the heterozygote form. Further investigations are 
needed, would this mutation is related to the pathoge-
nesis in FA since the patient bears a single copy of the 
mutation. However, BRCA2 protein has a role in the 
downstream part of FA pathway and its biallelic mutati-
ons are known to disrupt FA repair function. (24) Case# 
8 was referred to us being considered as a bone marrow 
donor candidate for his brother (case#1) who was tested 
DEB positive with FA findings. His clinical examina-
tions revealed no signs of a disorder, but his DEB test 
result turned out to be in the intermediate range.  Case# 

failed to correlate with FA diagnosis. The absence of 
mono-ubiquitination was consistent with FA diagnosis 
in five out of nine cases (cases 1-9) whose chromosome 
break ratios were either positive or intermediate.  In ca-
ses from 3 to 6 FANCD2-L were lacking. The absence of 
monoubiquitinated FANCD2 protein is a confirmation 
of FA.  Case #7 was previously analyzed for possible 
FANC functional mutations to reveal maternally inhe-
rited deletion in one copy of BRCA2 gene. Otherwise 
healthy, case #8, the younger brother of DEB positive 
case #1 was tested to have an intermediate DEB induced 
break ratio (34%) in the medical genetics department 
two years ago. In the Western blot analysis he appeared 
to have FANCD2-L as normal cases do. On the contrary 
case #9, whose DEB test results fall into intermediate 
range had a highly convincing clinical phenotype in fa-
vor of FA. For these three cases (#7-#9) with interme-
diate chromosome break ratios, FA diagnosis could not 
be ruled out since they all had the monoubiquitinated 
isoform of FNACD2. The members of the last group 
with DEB test negative samples did show both bands 
corresponding to the mono-ubiquitinated (FANCD2-L) 
and non-ubiquitinated FANCD2 (FANCD2-S) isoforms. 

Table 2. Western blot and chromosome break results of 15 Fanconi 
anemia cases

Table 2. Western blot and chromosome break results of 15 Fanconi anemia cases 
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9, on the other hand, who had many phenotypic findings 
related to disease spectrum was not confirmed to have 
FA due to her DEB result close to lower limit value (12% 
breaks/cell).  FANCD2 mono-ubiquitination test neither 
confirmed nor rejected FA diagnosis in cases 8 and 9. 
Although for different reasons their situations demand 
a clarification.   For case# 8 it is possible that the he-
matological manifestations may yet to emerge regarding 
his age. And, his intermediate DEB result (34% breaks/
cell) may suggest a somatic mosaicism in the lymphocy-
te   population.  In the later case, the presence of a se-
vere phenotype whether caused by FA or not should be 
further investigated for a prompt and right diagnosis. In 
either case, the presence of two isoforms of FANCD2 
means the eight partners of FA core-complex are normal 
along with FANCD2 itself. Considering a contingency 
for FA, if further DEB tests would not help diagnosis, 
same procedure should be implemented in fibroblasts, 
else the molecular pathology should be investigated 
for genes functioning below core-complex (FANCD1/
BRCA2, FANCJ, FANCN) by mutation analysiAll of 
the six cases from the DEB test negative group (#10-
15) were detected positive for the ubiquitinated isoform 
of FANCD2.  Although neither of the tests supported 
the diagnoses, each case should be approached and 
re-examined delicately for a final decision to exclude 
FA.  For example, in case# 10, clinical findings cause a 
strong suspicion of FA with the presence of aplastic ane-
mia, bilateral thumb anomalies, skeletal findings and 
hyperpigmentations. Besides, tri-radial figures noted 
in non-induced chromosome analysis with DEB nega-
tivity may be an indication of high somatic mosaicsm 
or a defect in the downstream of the pathway. Case# 11, 
with atypical age of onset of AML without any additi-
onal manifestations, case# 12, having lost a brother at 
13 from pancytopenia and himself previously diagnosed 
with pancytopenia and bearing other clinical findings, 
were also referred to us for DEB test. The contribution of 
both tests was inconclusive and lab studies should be ad-
vanced as discussed previously.  The next two cases (#13, 
#14) in the DEB negative group were sisters.  they were 
being investigated as bone marrow donor candidates for 
their younger sisters with FA. They were tested negative 
in DEB and positive in FANCD2 mono-ubiquitination as 
expected.  Their results were consistent with DEB test 
and FA exclusion was plausible with their clinical status 
considered. Case# 15 was referred for FA discrimina-
tion and mono-ubiquitinated FANCD2 was also found 
positive in this. Her clinical type was vaguely in favor 
of FA therefore investigating the etiology underlying the 
dyserythropoietic anemia could be more effective befo-
re pursuing other tests for FA.
After the cloning of FANCD2 gene the function of FA 
core-complex and its relation to FA pathway were better 
understood (25). Several research groups have focused 
on the formation of this complex and with its counter-
parts in detail. Garcia-Higuera et al. (26) showed that 

FANCD2 mono-ubiquitination is a prerequisite for its 
activation and the formation of the core-complex and for 
the FA pathway related events to advance. This group 
also was first to suggest the anti-FANCD2 immunob-
lotting to screen FA patients for upstream defects in FA 
pathway as a practical alternative to the currently used 
chromosome breakage test DEB or MMC. Shimamura 
et al. (13) has employed this test in a group of FA patients 
and they have provided the right diagnosis in four of the 
patients whose DEB test results were in intermediate–
value zone due to somatic mosaicism. They have also 
come to conclusion that 90% of all FA gene mutations 
were responsible for the failure of FANCD2-L media-
ted formation of core-complex hence the result in FA 
disease phenotype.  In another study 53 patients with 
a strong clinical support for FA prediagnosis were in-
vestigated by DEB and FANCD2 mono-ubiquitination 
testing in lymphocytes and fibroblast cultures (16) whe-
re 45 of the cases with DEB positive test results were 
confirmed to have FA with the absence of FANCD2 
mono-ubiquitination in Western blot analysis. In six 
of these patients it was by means of FANCD2 testing 
in fibroblast- culture derived cells that this group was 
able to clarify the intermediate DEB results in patients 
were due to the presence of revertant lymphocyte popu-
lation. For two of the cases neither test were useful for 
diagnosis, however an overall contribution of FANCD2 
test was an impressive 96%. Therefore early diagnosis 
could be made possible even in the presence of somatic 
mosaicism with the utilization of the FANCD2 mono-
ubiquitination test. 
Following these pioneering studies relatively lar-
ger patient groups were studied for FANCD2 mono-
ubiquitination along with the determination of comple-
mentation groups and related mutations of FANC genes 
(27). In 2009 Pilonetto et al.(28) reported the results of 
their studies in 87 patients which revealed 94% sensiti-
vity and 100% specificity for the diagnosis of FA. The 
reliability of the test is also supported by the fact that 
while the absence of ubiquitinated form of FANCD2 is 
specific for FA, the chromosome breaks that are detected 
spontaneously or with response to cross-linking agents 
may also be seen in other chromosomal break diseases, 
such as Nijmegen syndrome (29).  
The low frequency of the disease hindered us from using 
a statistical testing nor providing a contingency table to 
calculate the specificity and sensitivity of the method. 
However, the results of this current study - without any 
FANCD2 positives in DEB negatives - show high negati-
ve predictive value for FANCD2 testing. Due to the fact 
that 90% of the patients have mutations for the genes in 
upstream portion of the FA pathway, theoretically sen-
sitivity of the the test should converge to 90%. Current 
data with only two DEB+ results is far from healthy 
evaluation. On the other hand, the data represent 100% 
specificity, with all the DEB- results coinciding with 
FANCD2 – results (Table 3).
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Despite to modest number of observations, tests that 
were lacking the FANCD2 mono-ubiquitination helped 
resolving the ambiguity in the FA diagnosis with certa-
inty. Here, we provide an algorithm to be considered for 
the management of Fanconi anemia diagnosis (Figure 
2). According to this algorithm first the FANCD2 mono-
ubiquitination is tested for patients with prediagnosis 
and for exclusion of FA. A positive test result always 
warrants the presence of FA.  Detection of FANCD2-L, 
a negative result,  requires DEB testing. Positive DEB 
test confirms the diagnosis but for intermediate values 
DEB test should be repeated with the use of a different 
type of tissue other than blood.  If a negative result is 
encountered in the non-blood tissue cells the diagno-
sis should be reconsidered. Where the clinical status is 
persistently in favor of FA, mutation analysis is the last 
resort for diagnosis. In conclusion, this study provided 
convincing results for adoption of FANCD2 testing in a 
clinical schema as part of the routine analysis together 
with chromosome break test in FA diagnosis.  
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