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Abstract
Fanconi anemia (FA) is a rare multigenic chromosomal insta-
bility syndrome that predisposes patients to life-threatening 
bone marrow failure, congenital malformations, and cancer. 
Functional loss of interstrand cross-link (ICL) DNA repair sys-
tem is held responsible, though the mechanism is not yet 
fully understood. The clinical and molecular findings of 20 
distinct FA cases, ages ranging from perinatal stage to 32 
years, are presented here. Pathogenic variants in FANCA 
were found responsible in 75%, FANCC, FANCE, FANCJ/BRIP1, 
FANCL in 5%, and FANCD1/BRCA2 and FANCN/PALB2 in 2.5% 
of the subjects. Altogether, 25 different variants in 7 different 
FA genes, including 10 novel mutations in FANCA, 
FANCN/PALB2, FANCE, and FANCJ/BRIP1, were disclosed. Two 
compound heterozygous germline cases were mosaic for 
one allele, revealing that the incidence of reverse mutations 

may not be uncommon in FA. Another case with de novo 
FANCD1/BRCA2 and paternally inherited FANCN/PALB2 
pathogenic alleles at first glance suggested a digenic inheri-
tance, because the presence of a second pathogenic variant 
in the unexamined regions of FANCD1/BRCA2 and FANCN/
PALB2 were exluded by sequencing and deletion/duplica-
tion analysis. A better understanding of the complexity of 
the FA genotype may provide further access to undiscov-
ered ICL components and apparently dispensable cellular 
pathways where FA proteins may play important roles.

© 2020 S. Karger AG, Basel

Introduction

Fanconi anemia (FA, MIM# 227650) is a genetically 
heterogenous rare syndrome with variable clinical fea-
tures encompassing hematologic findings of pancytope-
nia as a result of bone marrow failure (BMF) and diverse 
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congenital malformations pronounced with skeletal de-
fects of limbs with radial aplasia, hands with thumb de-
formities, small stature, low birth weight, microcephaly, 
deafness, congenital heart defects, kidney malformations, 
pigment changes of the skin, and predisposition to cancer 
[Altay et al., 1997]. While the worldwide incidence of FA 
is estimated to be 1:160,000–360,000 with 0.3% carrier 
frequency, it also is recognized to occur much more fre-
quently among communities with consanguineous mar-
riages [Wu, 2013].

The earliest clinical description of FA was reported in 
1926 by Swiss pediatrician Guido Fanconi when he de-
picted birth defects and conditions resembling pernicious 
anemia that had afflicted 3 deceased siblings. The disease 
was named after Fanconi in 2006 to honor his contribu-
tion to cancer research [Lobitz and Velleuer, 2006].

Progressive BMF usually presents by the age of 8–10 
years in 80% of affected individuals, with 23% of the pa-
tients encountering various forms of cancer later [Kutler 
et al., 2003]. Affected patients have a susceptibility to leu-
kemia-myelodysplastic syndrome, more aggressively 
acute myeloid leukemia, or nonhematological solid neo-
plasm of squamous cell cancers in areas of the body where 
cells normally reproduce rapidly: head, neck, and ano-
genital regions [Wegman-Ostrosky and Savage, 2017]. 
Though regularly scheduled examinations for signs of 
cancer are recommended throughout a patient’s lifetime, 
allogeneic hematopoietic stem cell transplantation has 
shown to be the treatment of BMF with improving pro-
tocols since 1972 [Peffault de Latour et al, 2013]. Dysreg-
ulation of DNA damage underlies the molecular pathol-
ogy of FA, yielding causative chemicals to chromosomal 
breakage and providing a unique marker for the diagnosis 
before the beginning of hematologic manifestations [Es-
mer et al., 2004]. Diepoxybutane (DEB) or mitomycin C 
may be used as clastogenic agents, principally dependen-
ing upon laboratory experiences [Altay et al., 1997; Fargo 
et al., 2014]. Unfortunately, a small number of affected 
individuals are unable to benefit from this tool of chro-
mosome breakage analysis [Auerbach, 2009]. Studies on 
the correlation between the clastogen hypersensitivity 
and the severity of the FA phenotype may suggest that 
genes not involved in FA may modify the cross-linking 
activity [Davies et al., 2005]. Although a positive cytoge-
netic test revealing chromatid-type aberrations is highly 
indicative for FA, molecular analysis is required for de-
finitive diagnosis, assessment of prognosis, and genetic 
counseling. Prior to the next-generation sequencing 
(NGS) era, Sanger sequencing was time-consuming and 
burdensome. As a consequence, genetic subtypes for the 

limited groups were commonly predicted before mutation 
analysis by retrovirus-mediated complementation assays 
[Balta et al., 2000; Chandra et al., 2005; Navarro et al., 
2006]. While advancements in sequencing technologies 
are today leading the genetic diagnosis of FA, limitations 
and gaps of the coverage, variant analysis, especially for 
mosaics and gross alterations, require special attention.

Presently, 20 autosomal recessive (FANCA, FANCC, 
FANCD1/BRCA2, FANCD2, FANCE, FANCF, FANCG, 
FANCI, FANJ/BRIP1, FANCL, FANCM, FANCN/PALB2, 
FANCO/RAD51C, FANCP/SLX4, FANCQ/ERCC4/XPF, 
FANCS/BRCA1, FANCT/UBE2T, FANCU/XRCC2, 
FANCV/REV7, FANCW/RFWD3), 1 dominant (FANCR/ 
RAD51), and 1 X-linked (FANCB) forms of FA are de-
scribed [Ameziane et al., 2015; Knies et al., 2017; Dubois 
et al., 2019].

DNA cross-linking defects are new covalent bonds 
formed either on the same DNA strand (intrastrand) that 
usually occurs upon exposure to ultraviolet light or be-
tween the bases of opposite strands (interstrands) that in-
volves the bonding of N7 nitrogen of guanines upon ex-
posure to bifunctional alkylating anticancer agents or en-
dogenous products of lipid peroxidation [Noll et al., 
2006]. Interstrand cross-linking defects (ICLs) may de-
velop during a DNA replication phase (GS), recognized 
by FA core proteins and FA-associated (FAA) proteins, 
and are linked to the mechanism for replication-depen-
dent repair together with homologous recombination of 
cells [Deans and West, 2011; Wenzel and Singh, 2018]. In 
non-dividing cells, however, ICLs are repaired by tran-
scription-coupled nucleotide excision repair [Hlavin et 
al., 2010]. Any lesions within the DNA structure cause 
stalling of the replication mechanism that enables the re-
pair systems to function and avoid a deleterious fork col-
lapse [Ceccaldi et al., 2016; Palovcak et al., 2017]. FA core 
proteins work harmoniously with 3 other DNA repair 
systems: nucleotide-excision repair, translesion synthe-
sis, and homologous recombination (HR) [Xia et al., 
2006; Higgs et al., 2015; Niraj et al., 2019]. Unrepaired 
ICLs forestall strand separation leading to breakage and 
viral DNA integration, which are abnormal chromosom-
al rearrangements that eventually may tend to convey 
cells into a cancerous state [Howlett et al., 2005; Deans 
and West, 2011]. Since FA core proteins have many inter-
actions with mediators of cell cycle checkpoint response 
or DNA damage response proteins, such as ataxia telan-
giectasia mutated (ATM), Nijmegen breakage syndrome 
1 (NBS1), DNA-repair response protein FANCR/RAD51, 
and in multiple breast cancer-proteins such as FANCS/
BRCA1, FANCD1/BRCA2, continuity of its comprehen-
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sive trail is expressed as the FA/BRCA pathway. Along-
side of acting on ICLs repair, the FA pathway also has 
other functionalities in the replicating cell: maintaining 
replication fork stability, control of chromosome segre-
gation during mitosis, and providing genetic integrity fol-
lowing transcription and/or RNA-DNA hybrid forma-
tions [Zeman and Cimprich, 2014; Schwab et al., 2015]. 
Recent studies suggest that the FA pathway may play a 
role in redirecting cells from using error-prone canonical, 
non-homologous end joining (NHEJ) to alternative-
NHEJ (alt-NHEJ) that is in the resection-dependent path-
way of HR [Ceccaldi et al., 2016]. Investigations into the 
mechanisms of autophagy have suggested the important 
role of some FA genes in virophagy and Parkin-mediated 
autophagy of damaged mitochondria [Shyamsunder et 
al., 2016; Sumpter and Levine, 2017].

Here, we present clinical and molecular findings of 20 
FA cases including 2 perinatal subjects.

Material and Methods

Patients
Twenty subjects were admitted for clinical genetic investiga-

tion and molecular diagnosis of FA to the Pediatric Genetic De-
partment of Istanbul University Cerrahpasa and Medical Genetic 
Department of Istanbul Faculty of Medicine of Istanbul Univer-
sity. The patients were evaluated clinically by an experienced pe-
diatric/medical geneticist. A review of their medical history re-
vealed that 16 cases were reported as DEB-positive, 1 was shown 
negative and 1 was unknown. The remaining 2 cases were termi-
nated fetuses due to multiple congenital anomalies assigned with 
a differential diagnosis of FA. The proband of one family deceased 
before the initiation of the molecular investigation. Peripheral 
blood samples from 13 subjects (Cases 2–6, 10, 12, 14, 16–20) plus 
the parents of one subject (Case 1), as well as skin biopsy materials 
from 4 bone marrow transplanted cases (Cases 7, 8, 9, 15) and from 
2 fetuses (Cases 11, 13), were obtained for DNA isolation and ge-
netic testing upon receipt of the signed consent forms from the 
families.

Methods
DNA isolations were performed using commercial kits (Mam-

malian Blood and Cells and Tissue DNA Isolation Kit, Roche). 
Two fetuses presented with major anomalies and were investigated 
genetically by chorionic villus sampling. Classical karyotyping and 
microarray analysis were conducted using Agilent SurePrint G3 
CGH + SNP Microarray Kit (4 × 180K, Agilent Technologies, Inc., 
Santa Clara, CA, USA). Data analysis was performed using Agilent 
Genomics Workbench 5.0.2.5. Genomic linear positions were giv-
en relative to NCBI build 37 (hg19).

A targeted in-house panel-gene test was designed for radial ray 
defects, including 42 genes that also covered all of the coding exons 
and exon-intron boundaries of 17 FA-associated genes (FANCA, 
NM_000135.2; FANCB/FAAP95, NM_001018113.1; FANCC, 
NM_000136.2; FANCD1/BRCA2, NM_000059.3; FANCD2, 

NM_033084.3; FANCE, NM_021922.2; FANCF, NM_022725.3; 
FANCG/XRCC9, NM_004629.1; FANCI, NM_001113378.1; 
FANCJ/BRIP1, NM_032043.2, FANCL/PHF9, NM_018062.3; 
FANCM, NM_020937.2; FANCN/PALB2, NM_024675.3; 
FANCO/RAD51C, 17q22-q23, NM_058216.2; FANCP/SLX4, 
NM_032444.2; FANCQ/ERCC4, NM_005236.2; FANCU/XRCC2, 
NM_005431.1) in 785 amplicons with 99.43% coverage. Genetic 
analysis was performed on an Ion Torrent PGM platform by NGS. 
Different in silico analysis programs (MutationTaster, PolyPhen, 
SIFT, Human Splicer Finding, VarSEAK, and VarSome) were used 
for prediction of a disease-causing status of variants [Desmet et al., 
2009; Kumar et al., 2009; Adzhubei et al., 2013; Schwarz et al., 2014; 
Kopanos et al., 2019; https://varseak.bio/]. In addition, gene level 
threshold values were obtained through CADD (combined anno-
tation dependent depletion)-based MSC (mutation significance 
cutoff) scores providing impact predictions (http://lab.rockefeller.
edu/casanova/MSC) [Itan et al., 2016]. Variant frequency was ob-
tained from the Genome Aggregation Database (gnomAD) 
(https://gnomad.broadinstitute.org/about) [Karczewski et al., 
2019]. Search into the phenotypic impact was obtained from Clin-
Var [Landrum et al., 2016] and from a literature quest. The Amer-
ican College of Medical Genetics and Genomics (ACMG) guide-
lines were used for variant classification [Richards et al., 2015] as 
implemented in VarSome. Uncovered and low covered regions of 
panel genes and all of the detected pathogenic and/or likely patho-
genic variant regions were Sanger sequenced. Non-carrier and/or 
likely pathogenic variant carriers, or cases with novel predicted 
associated variant carriers and pathogenic/likely pathogenic vari-
ant carriers that do not fit to the inheritance model, were further 
tested by MLPA to search for deletions/duplications in FANCA, 
FANCD2, FANCN/PALB2, RAD50 (few exons), RAD51C, and 
RAD51 (MRC-Holland, MLPA P031, P032 and P260) and ana-
lyzed on Coffalyser [Coffa and Van Den Berg, 2011].

Results

Clinical Findings
Two terminated fetuses and 18 postnatal cases were 

evaluated. The median age of the postnatal cases were 4 
years, 9 months (range: 0.8–32 years), and the male to fe-
male ratio was 1:2. Parental consanguinity was present in 
65% of the cases. Four patients had similarly affected sib-
lings, one of those patient’s parents were not consanguine-
ous. Both of the fetuses, that had been terminated (Case 11 
at 22 and Case 13 at 32 gestational weeks) upon pathologi-
cal ultrasound findings, revealed intrauterine growth retar-
dation (IUGR), microcephaly, radial anomaly, bilateral 
ventriculomegaly, cerebellar hypoplasia, and anal atresia. 
Case 11 additionally presented a cleft palate at postmortem 
examination. Cytogenetic and microarray analysis per-
formed in both fetuses excluded chromosomal aberrations.

The most common postnatal findings were hematolog-
ic manifestations (88%), followed by skin disorders (83%), 
extremity anomaly (77%), microcephaly (77%), and short 
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stature (72%) (online suppl. Table 1; for online suppl.  
material, see www.karger.com/doi/10.1159/000509838). 
Four patients (Case 7, 8, 9, 20) had pancytopenia and/or 
thrombocytopenia without skeletal findings, and 2 pa-
tients (Case 16 and 17) had thumb anomalies without he-
matologic manifestations. One patient had been diag-
nosed with cancer at the age of 32 years (Case 19).

Molecular Study
All targeted bases were sequenced revealing 639 aver-

age coverage with 99.43% targeted bases covered at 20X. 
Pathogenic/likely pathogenic small and gross variants are 
presented in Table 1.

Fifteen patients (Cases 2–10, 12,14, 18–20) plus one of 
the parental samples (Case 1) carried 17 different variants 

II:1
FANCA exon 32 and exon 35 

c. [3163C=/3163C>T];[3491C>T], p.[R1055=/R1055W];[P1164L]

Case-4

*

I

II

1 2

1 2

*
I:2

FANCA exon 32 
het. c.3163C>T (p.R1055W)

I:1
FANCA exon 35 

het. c.3491C>T (p.P1164L)
*

NGS data: FANCA; 
ex. 32;c.3163C>T; %15
Read Depth: 637
Ref+/Ref-/Var+/Var-:C=276/265, T=44/52

a

II:1
FANCA exon 27 and 37  

c.[2557C=/2557C>T];[3754G>T], p.[R853=/R853*];[E1252*]

Case-5
I:1

FANCA exon 27  
het.c.2557C>T (p.R853*)

I:2
FANCA exon 37

het. c.3754G>T, (p.E1252*) 

II:1, skin biopsy
FANCA exons 27 and 37  
c.[2557C>T];[3754G>T]

p.[R853*];[E1252*]

NGS data: FANCA; ex. 27; 
c.2557C>T; %10
Read Depth: 1397
Ref+/Ref-/Var+/Var-:C=671/584,T=72/70

II:2
FANCA exon 27 and 37  

c.[2557C>T];[3754G>T], p.[R853*];[E1252*]

b

Fig. 1. Pedigrees, Sanger sequence electropherograms, and segregation results of families with reverse mutation 
status (a, b) and novel pathogenic variants (c–j).

(Figure continued on next pages.)
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*

I

II

1 2

1

* *

Case-13

2
II:1 

FANCE exon 2 and intron 9
c.[355C>T];[1509+1G>A], p.[Q119*];[?]

I:1
FANCE  exon 2 

het. c.355C>T  (p.Q119*)

I:2
FANCE intron 9 

het. c. 1509+1G>A (p.(?))

e

Case-6
First cousins

I:2 
FANCA  Exon 8

het.  c.776C>G (p.P259R)

I:1
FANCA Intron 39

het. c.3935-7G>A (p.(?))

II:4
FANCA Exon 8 and inton 39

c.[776C>G];[ 3935-7G>A]

Epilepsy 
at 5th months

Intes�nal 
obstruct. 

at 10 days

Head 
injury

c

II:1
FANCA exon 30 

hom.  c.2938G>C (p.A980P)

I:1
FANCA exon 30

het.  c.2938G>C (p.A980P)

I:2
FANCA exon 30 

het.  c.2938G>C (p.A980P)

Case-7

*

I

II
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in FANCA, of which 10 have previously been reported 
with 7 identified as novel: 2 missense: c.776C>G (p.
P259R, SCV001296377) in exon 8 in Case 6 (Fig. 1c) and 
c.2938 G>C (p.A980P, SCV001296378) in exon 30 in 
Case 7 (Fig.  1d); 1 nonsense: c.128T>G (p.L43*, 
SCV001296382) in exon 2 in Case 20 (Fig. 1j); 1 frame-
shift: c.240_241delTG (p.C80*, SCV001296379) in exon 
3 in Case 18 (Fig. 1h); 3 splice site: c.3935–7G>A (p.(?), 
SCV001296376) in intron 39 in Case 6 (Fig.  1c), 

c.2504+3G>A (SCV001296380) and c.2504+5G>T 
(SCV001296381) intron 26 in Case 19 (Fig. 1i).

Two different mosaic pathogenic variants 
(c.3163C=/3163C>T, c.2557C=/2557C>T), identified in 
Cases 4 and 5 in compound heterozygous form in FAN-
CA, revealed to be germline in family-based segregation 
(Fig.  1a, b). These mosaic alleles were delineated from 
IGV software with 15 and 10%, each equally represented 
in forward and reverse parallel sequenced amplicons. 
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Sanger sequencing of parental alleles revealed that these 
variants were present in a non-mosaic heterozygous sta-
tus. DNA from a skin biopsy in Case 5 also revealed a 
non-mosaic status.

The parents of Case 6 were first degree cousins carry-
ing compound heterozygous novel variants in FANCA 
(Fig. 1c).

Five patients (Case 11, 13, 15, 16, and 17) were identi-
fied to have variants each in FANCL, FANCE, FANCC, 
FANCJ/BRIP1, FANCD1/BRCA2, and FANCN. Variants 
in FANCE (c.1509+1 G>A (p.(?), SCV001296383) in in-
tron 9 in Case 13 (Fig.  1e), in FANCJ/BRIP1 
(c.761_764delAGCA, SCV001296384) in exon 7 in Case 
16 (Fig. 1f), and in FANCN (Exon 5–6 deletion, p.(?)) in 
case 17 (Fig. 1g) were novel. The parents of Case 1 carried 
a heterozygous exon 6–31 deletion in FANCA, indirectly 
elucidating the genetic cause of FA in the deceased pro-
band.

An analysis of the parents of Case 17 showed that the 
nonsense variant (c.9739C>T, p.Q3247*) in exon 27 of 
FANCD1/BRCA2 was de novo, however, gonadal mosa-
icism could not be excluded, and a novel heterozygous 
gross deletion of exon 5–6 in FANCN/PALB2 was inher-
ited from the father (Fig. 1g). Chromosomal abnormality 
was ruled out by karyotyping and microarray (Affyme-
trix, Cytoscan Optima 315K), deletions of FANCD1/
BRCA2 were excluded by MLPA (SALSA MLPA Probe-
mix P090-B1), while any other sequence variants other 
than FANCD1 were also excluded by whole exome se-
quencing (WES) performed at an external diagnostic lab-
oratory (Centogene, Germany).

Discussion

Spontaneous errors in DNA strand, induced by exog-
enous exposures (anticancer agents etc.), or more com-
monly by endogenously originating cellular biochemical 
reactions (aldehydes, etc.), are corrected in majority by 
DNA repair systems [De Bont and Van Larebeke, 2004]. 
Presently, 7 different cellular repair mechanisms have 
been identified and described according to the type of the 
damage: mismatch repair for base mismatches and small 
insertion deletions; base-excision repair for single-base 
modifications or abasic formations; nucleotide-excision 
repair for helix-distortion lesions; variant of base excision 
repair mechanism for single-strand DNA breaks; HR-
mediated DNA repair and NHEJ for double-strand 
breaks; and HR with FA/BRCA DNA repair pathway for 
ICLs [Mota et al., 2019]. Failure in any of those function-

al mechanisms, controlled by more than 50 proteins pres-
ently known, leads to genetic instability and commits an 
individual to a life-long risk for various somatic diseases, 
notably cancer, along with germline pathogenic occur-
rences serving as causatives for rare diseases associated 
with DNA repair deficiencies [Knoch et al., 2012].

Our study group of FA patients carried unique forms 
of variants in 7 described FA/BRCA pathway proteins: 4 
encoding FA-core complex structures (FANCA, FANCC, 
FANCE, and FANCL) and 3 encoding downstream FA/
HR proteins (FANCD1/BRCA2, FANCJ/BRIP1, and 
FANCN/PALB2) [Datta and Brosh, 2019]. The age of our 
patients at the time of their diagnosis ranged significant-
ly from perinatal stage to 32 years, with a median age of 4 
years, 9 months. This was an earlier milestone than the 
2,002 cases with a median age of 6.5 years surveyed and 
reported by Shimamura and Alter [2010].

Individuals afflicted with FA carry an increased risk 
for malignancies, with an estimated 25% of patients being 
likely to develop a solid tumor by the age of 45 [Eiler, 
2008]. A cancer risk assessment of 181 patients in the FA 
Registry of Germany (GEFA) reported an increase of 
1.4% for acute myeloid leukemia by the age of 20; 0.7% 
for solid tumors by the age of 20; increasing to 5.3% by 
the age of 40 and to more than 10% by the age of 49, in-
cluding the cumulative incidence of 50% for BMF and 
28% for solid tumors similarly by the age of 49 [Rosen-
berg et al., 2008]. Only one patient from our cohort was 
diagnosed with a malignancy, which was located in her 
head and neck and involved her laryngeal and nasopha-
ryngeal regions. She was the eldest patient of our series, 
with the next oldest subject being 13 years of age. None 
of the other patients in our study group has reported ma-
lignancies to-date.

Patients carrying any of 3 findings of vertebral, anal, 
cardiac, trachea-esophageal fistula, esophageal atresia, re-
nal, upper limb and hydrocephalus are classified under 
VACTERL-H (Vertebral, Anal, Cardiac, Trachea-esoph-
ageal fistula, Esophageal atresia, Renal, upper Limb and 
Hydrocephalus) association [Solomon et al., 2012]. Skin 
pigmentation, small head, small eyes, central nervous sys-
tem involvement other than hydrocephalus, otology, and 
short stature are commonly reported in FA patients who 
also had VACTERL-H [Alter and Giri, 2016]. Two peri-
natal cases (Case 11 and 13) were examined and evalu-
ated through diagnostic criteria of VACTERL-H. In ad-
dition, the 2 perinatal subjects showed microcephaly and 
IUGR, both of which led us consider FA as a differential 
diagnosis upon exclusion of chromosomal abnormalities 
including gross copy number variations.
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Though percentages may differ for certain ethnic 
groups in literature reports, FANCA mutations are gener-
ally kept responsible in 60% of the cases, followed by 
FANCC in approximately 10–15% of the instances, and 
by FANCG in approximately 10% of the affected individ-
uals [Kennedy & D’Andrea, 2005]. . A considerable por-
tion of FANCA mutations are  reported to be gross dele-
tions, predominated as a result of recombination between 
alu-repeats in cis configurations [Castella et al, 2011; Park 
et al, 2013; Esmailnia et al, 2016]. In our study group, 
FANCA was responsible in 75% of the cases (15/20), and 
gross deletions were identified in 19% (3/15) of those sub-
jects. Among the FANCA alleles, gross deletion of exon 
6–31 was identified in 16% (5/30), c.894–2A>G in 13% 
(4/30), and c.2638C>T was found in 10% (3/30). Overall, 
disease responsibility of FANCC, FANCE, FANCJ, and 
FANCL alleles was 5%, while FANCD1 and FANCN was 
2.5%. Our ratios were unlike other reported rations of dif-
ferent geographic regions.

Cases 4 and 5 showed a mosaic variant of FANCA 
(c.3163C=/3163C>T and c.2557C=/2557C>T) which had 
previously been described as pathogenic; the former was 
derived through cDNA sequencing in a Japanese FA pa-
tient with a compound heterozygous form and the latter 
was identified in a single chromosome upon Sanger se-
quencing of genomic DNA derived from patients regis-
tered with the International Fanconi Anemia Registry 
(IFAR), following retrovirus mediated complementation 
group assay. However, that particular study was incon-
clusive toward revealing a genetic basis since a pathogen-
ic variant in the other allele was unidentified [Nakamura 
et al., 1999; Chandra et al., 2005]. Deep sequencing stud-
ies suggested that mosaic alterations in the genome could 
either be due to a reversal of the germline presence or 
post-zygotic events [Acuna-Hidalgo et al., 2016]. Family 
segregation revealed a germline biallelic occurrence of 
these variants underlining a reversal of germline exis-
tence in our cases. Mitotic recombination or gene conver-
sion via pairing between homologous chromosomes, 
leading to somatic reversions, have been described in a 
few FA patients carrying compound heterozygous patho-
genic variants [Gregory et al., 2001; Gross et al., 2002]. In 
our study, 28% (2/7 cases) had reverse mutations in the 
compound heterozygous group. It is reported that 20% of 
patients may benefit from genetic instability via somatic 
reversions of their germline pathogenic variants [Kalb et 
al., 2006]. Nonetheless, Case 4 suffered from BMF due to 
thrombocytopenia, and Case 5 had aplastic anemia, prox-
imal replacement of her bilateral 5th finger, café au lait 
spots, and DEB positivity. It was observed that the anemia 

of Case 5 resolved spontaneously in follow-up examina-
tions. The disease causing mutations in the second alleles 
of our mosaic FANCA cases (c.3491C>T in Case 4 with 
maternal inheritance and c.3754G>T in Case 5 with pa-
ternal inheritance, respectively) were previously de-
scribed: c.3491C>T in a homozygous form in a multina-
tional FA genetic screening study and c.3754G>T in a 
compound heterozygous form with another small dele-
tion [Gille et al., 2012; Scheckenbach et al., 2012].

Two novel variants, missense (c.776C>G, p.P259R) 
and splice site (c.3935–7G>A) mutations, identified in 
FANCA in Case 6 segregated in her consanguineous par-
ents, supporting compound heterozygosity. PolyPhen 
(HumVar) predicted the former as possibly damaging, 
but according to the ACMG classification it is predicted 
likely benign, as not being truncating (BP1), not having 
an impact on a gene product (BP2), though absent in con-
trols (PM2). The novel splice acceptor variant identified 
in the other allele of this patient (c.3935–7G>A) was also 
predicted benign, having no impact on a splicing motif by 
all the prediction tools utilized (MutationTaster, Human 
Splicing Finder, VarSEAK and VarSome). Further segre-
gation in her siblings was not possible since none were 
alive.

The homozygous novel missense variant (c.2938 G>C, 
p.A980P) in FANCA in Case 7 was classified as a variant 
of uncertain significance (VUS) according to ACMG. 
Nevertheless, it was predicted pathogenic by 3 in silico 
analysis programs, and the segregation in the family sup-
ported the inheritance model. A frame shift leading to a 
termination variant (c.240_241delTG, p.C80*) identified 
in FANCA in Case 18 is classified as likely pathogenic. 
Two different intronic alterations (c.2504+5G>T and 
c.2504+3G>A) identified in Case 19, the former homozy-
gous and the latter de novo, were predicted with different 
affects: 3 in silico tools (MutationTaster, Human Splicing 
Finder, VarSEAK) predicted that c.2504+5G>T would 
strongly decrease the original donor splicing site of exon 
26 of FANCA, and c.2504+3G>A would not alter the 
splicing motif. The compatibility of the variants within 
the inheritance model, being novel in disease causing 
genes, classified these variants (c.776C>G and c.3935–
7G>A in Case 6 and c.2504+5G>T in Case 19) as possibly 
pathogenic, though presently their causality cannot be 
excluded. There are a few reported cases in the literature 
with secondary cis located alterations in FA genes that 
result in a limited recovery of protein function observed 
with secondary compensating mutations [Waisfisz et al., 
1999]. Although Case 19 was negative for DEB and she 
did not have BMF and therefore did not require a bone 
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marrow transplantation, she did exhibit multiple head 
and neck tumors at the age of 30. Consequently, there is 
no basis toward determining whether the patient’s phe-
notype is mild or c.2504+3G>A is compensated partially 
to the splicing effect of c.2504+5G>T, or vice versa, or if 
these variants are completely irrelevant.

It is recognized that pathogenic heterozygous variants 
in FANCS/BRCA1, FANCD1/BRCA2, and FANCN/PALB2 
are important in breast cancer predisposition [Castilla et 
al., 1994; Krainer et al., 1997]. FANCD1/BRCA2 muta-
tions are reported liable to the cumulative incidence of 
cancer upwards to 97% by the age of 7 years and further 
likely to cause leukemia, brain tumor, Wilms tumor, or 
combinations therein with a smaller percentage develop-
ing severe BMF [Alter, 2014]. Our Case 17, with a hetero-
zygous de novo truncating mutation in FANCD1/BRCA2, 
was cancer-free at the age of 6, did not develop BMF, and 
the child’s parents were cancer-free advancing toward 
their middle age years (maternal age 27 and paternal age 
30, respectively, at their last visit). A gross heterozygous 
deletion in FANCN/PALB2 was inherited from the pa-
tient’s father. Although breast cancer accounts for less 
than 1% of all cancers in males [Ly et al., 2013], 
FANCN/PALB2 is classified as a moderate-penetrance 
gene for male breast cancers [Rizzolo et al., 2013]. Fur-
thermore, a recently released multicenter study from Ita-
ly, using WES and targeted gene sequencing on high risk 
BRCA1/BRCA2 mutation-negative patients, revealed that 
the frequency of FANCN/PALB2 pathogenic variants in 
this cohort was higher than in a similarly classified cohort 
of females [Silvestri et al., 2017]. Since the initial breast 
cancer diagnosis in the study from Italy ranged from age 
38–83 years, genetic counseling for the family of our Case 
17 will be imperative for regular monitoring.

Investigations on peripheral blood samples of hetero-
zygous truncating mutation carriers of FANCN/PALB2 
presented impaired DNA damage response, supporting a 
mono-allelic negative effect of FANCN/PALB2 on ge-
nomic stability [Nikkilä et al., 2013]. A functional study, 
utilizing human lung cancer cells (H1299) and human 
293 embryonic kidney cells, revealed that FANCS/BRCA1 
and FANCD1/BRCA2, together with BRAD1 (BRCA1 as-
sociated ring domain), coexist in the same endogenous 
protein complex, and exposure to DNA-damaging agents 
expands the number of partners of foci with the inclusion 
of FANCR/RAD51 and p53 [Dong et al., 2003]. A knock-
down experiment of FANCN/PALB2 via siRNA in HeLa 
S3 cells further revealed that FANCS/BRCA1 and 
FANCD1/BRCA2 congregation was abolished and rees-
tablished upon removal of siRNA inhibition. These and 

additional investigations have shown that FANCS/
BRCA1 and FANCD1/BRCA2 association is mediated by 
FANCN/PALB2, basically appearing at DNA double-
strand break sites, however, FANCS/BRCA1 attendance 
was independent of FANCN/PALB2 that underlined 
FANCS/BRCA1’s upper main regulator role in FANCD1/
BRCA2 and FANCN/PALB2 foci [Zhang et al., 2009]. 
The functional significance of FANCD1/BRCA2 with 
FANCN/PALB2 investigated on multiple mouse models 
generated various knock-in and knock-out results [Hart-
ford et al., 2016]. Mouse embryonic fibroblast cells with 
hemizygous Fancd1 (Brca2KO/+) and hemizygous Fancn 
(Palb2KO/+) showed a 3.4-fold increase in breaks, radials, 
and translocations in metaphases following mitomycin C 
treatment. Furthermore, these cells showed normal cell 
growth but decreased Fancr (Rad51) foci formation, sug-
gesting that a heterozygous loss of FANCN/PALB2 leads 
to a decreased FANCR/RAD51 recruitment, important 
for HR and downstream function for homologous pair-
ing and strand transfer of DNA, and further indicates the 
likelihood that interaction of FANCD1/BRCA2 and 
FANCN/PALB2 is physically important for genomic sta-
bility and that the severity of the phenotype is increased 
with diminishing interactions [Hartford et al., 2016]. A 
holistic evaluation of our Case 17 extracted from this 
model study is that digenic allelic null mutations of 
FANCD1/BRCA2 and FANCN/PALB2 would similarly 
generate a decrease in interaction and possibly revealing 
the first human presentation. Nonetheless, presently 
there are no sufficient functional studies that support a 
digenic evidence for FA. Either pathogenic sequence vari-
ants or gross alterations disabling the PALB2 gene on the 
maternal allele leading to biallelic functional aberration 
in PALB2 are a more likely disease causing scenario for 
our Case 17.

Early diagnosis of FA will remain extremely important 
in providing informed genetic counseling and contem-
plation of the future. Specifically, care and supervision of 
a patient’s hematologic, oncologic and other expected 
complications requires life-long monitoring and treat-
ments. Although the consanguinity rate of our cohort 
(65%) was mildly lower than the previous Turkish FA co-
hort of 52 patients (78%) [Altay et al., 1997], the consan-
guineous marriage rate of 21.3% in Turkey is a consider-
able risk for continued autosomal recessive disorders oc-
curring in the country [Beşpınar and Beşpınar, 2017]. 
Furthermore, the risk of inheritance of more than one 
rare disease in the same family is also possible, a fact that 
at-risk parents need to understand and to weigh heavily 
[Balta et al., 2019].
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A family-based approach to genetic education, diag-
nosis, and counseling toward such massively parallel se-
quences of genetically heterogeneous populations, along 
with continuous robust medical research, will result in 
life-quality improvements for affected individuals and 
their families, while continually achieving important 
steps toward a clearer understanding of the variants’ 
pathogenic status.
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