
Abstract. Background/Aim: Head and neck squamous cell
carcinomas (HNSCCs) form a heterogeneous tumor entity
located throughout the oral cavity, pharynx and larynx that is
caused predominantly by chemically or virally induced
carcinogenesis. Heterozygous germline mutations in cancer
susceptibility genes might also lead to increased incidence of
HNSCCs. As DNA stability is typically impaired in HNSCC cells
and genes of the Fanconi anemia/BRCA DNA repair pathway
can be mutated or down-regulated in HNSCCs, we investigated
here whether germline mutations occur in the X-chromosomal
FANCB as candidate gene. Materials and Methods: Germline
DNA of 85 consecutive HNSCC patients was sequenced.
Missense alterations in FANCB were functionally tested in
reference cells. Results and Conclusion: Four single nucleotide
polymorphisms were identified, three of which were located in
untranslated regions of FANCB (rs2188383, rs2375729,
rs2905223) and predicted to be associated with normal function.
One missense alteration, c.1004G>A resulting in p.G335E
(rs41309679), in exon 4 was detected in five men in homozygous

and in five women in heterozygous state. Four in silico
prediction programs uniformally predicted p.G335E to be
associated with loss-of-function of the protein. To clarify these
predictions, we expressed the FANCB p.G335E protein in
primary human FANCB deficient fibroblasts. Cell cycle analysis
of these fibroblasts established that the FANCB p.G335E was
functionally indistinguishable from the wildtype FANCB protein.
Thus, functional studies in genetically defined cells showed that
the p.G335E germline alteration in FANCB is not associated
with impaired function. 

Head and neck squamous cell carcinomas (HNSCCs) are the
6th most common type of cancers worldwide with varying
rates in different ethnic populations (1-4). In the USA alone,
over 60,000 new cases of HNSCCs are diagnosed and more
than 13,000 patients die from HNSCCs each year (5). The
tumor cells originate from the epithelium of the upper
aerodigestive tract and undergo malignant transformation in
a multistep process that is strongly influenced by an interplay
between extrinsic (e.g. environmental or behavioral) and
intrinsic (predominantly genetic) factors (1, 6). The four
major cellular pathways implicated in the pathogenesis of
HNSCCs are proliferation/survival, cell-cycle control,
differentiation and adhesion/invasion signaling (7). The
dysregulation of these pathways in the malignant cells is
caused by somatic alterations/mutations in key genes such as
TP53, HRAS, CCND1, NOTCH1 and others (7-9).

The major behavioral risk factors for the development of
HNSCCs are increased consumption of tobacco, and alcohol, but
also infection with oncogenic human papilloma virus (HPV) (1,
2, 7). Several research groups including ours have established
that a minority of patients with heterozygous germline mutations
in known cancer susceptibility genes has an increased risk to
develop HNSCC even in the absence of other behavioral risk
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factors. Among the genes mutated in the germline DNA of
HNSCC patients are CDKN2A/p16 (10-12), the p16
interacting CDK4 (13), Killer/DR5 (14), PTEN (15), EGFR
(16), and RAD51C (17). However, it is noteworthy that a
considerable overlap exists between genes that show somatic
mutations in cancer and genes that predispose to the
development of cancer by germline mutations (7, 18, 19). 

Fanconi Anemia (FA) is an inherited DNA repair disorder that
is clinically characterized by congenital malformations,
progressive bone marrow failure and a high propensity to
develop malignancies (20). Importantly, SCCs of the head, neck,
and esophagus and in women also vulvar and cervical cancers
occur at astonishingly high rates in FA patients, up to 14% of
patients by 40 years of age (21-23). This strongly suggests that
defects in the FA pathway might increase the risk of developing
HNSCCs. On a cellular level, defects in FA genes cause multiple
defects including spontaneous genetic instability, hypersensitivity
to DNA interstrand cross-linking agents, impaired selective
autophagy, defective chromosome segregation and aneuploidy,
hypersensitivities to oxidative stress and inflammatory cytokines
as well as problems in telomere maintenance and replication (24-
29). All these cellular abnormalities promote malignant
transformation of cells, thus explaining the high incidence of
malignancies in FA patients. Genetically, FA is caused by loss-
of-function germline mutations in twenty-one DNA repair genes
labelled FANC-A/B/C/D1/D2/E/F/G/I/J/ L/M/N/O/P/Q/R/S/T/U/V
(30-32). Bi-allelic defects occur in 19 autosomal recessive FA
genes, while single-allelic defects were described in the X-
chromosomal recessive FANCB in males (33) and in the
dominant negative RAD51/FANCR (34, 35) as responsible for
the clinical and cellular abnormalities. Importantly, some FA
genes (BRCA1/FANCS, BRCA2/ FANCD1, BRIP1/FANCJ,
PALB2/FANCN, RAD51C/FANCO, XRCC2/FANCU) are also
well-established cancer susceptibility genes, where heterozygous
germline mutations in healthy individuals are associated with
moderate to high risk to develop breast, ovarian, pancreatic and
other tumors/malignancies (36-38).

The X-chromosomal FANCB gene product regulates H3K9
methylation on the sex chromosomes during meiosis and is
essential for male fertility (39). The FANCB protein is part
of the FA core complex located in the nucleus and has a
scaffold function there (29). As a typical ‘early’ FA gene
(29), FANCB-defective cells show an increased sensitivity
towards DNA crosslinking agents and defective
monoubiquitination of FANCD2 and FANCI, but are
proficient for RAD51 foci formation and homologous
recombination in the absence of crosslinker damage (33). In
the past, a strong association between the development of
HNSCCs and functional defects in FANCB was suggested,
as the FANCB gene product is significantly down-regulated
in sporadic HNSCCs (40) and up to 31% of sporadic
HNSCC tumors and cell lines demonstrate hypermethylation
in the FANCB locus (41). Therefore, the aim of this study

was to determine whether germline mutations in FANCB
exist in sporadic HNSCC patients and, if detected, to
characterize alterations predicted to influence the activity of
the protein in functional assays.

Materials and Methods

Patients. The study enrolled 85 consecutive patients with
histologically confirmed HNSCC from our clinic, including all sites
(Table I) and stages (T1-4, N0-3, M0/1) of the disease. After obtaining
informed consent, blood sample as a source of germline genomic
DNA was drawn from each patient prior to treatment. Research was
carried out in compliance with the Helsinki Declaration. This study
was reviewed and approved by the ethics committee of the
University of Duesseldorf, Germany. 

Sequencing of FANCB exon 1-10. DNA was isolated from peripheral
blood lymphocytes using a commercially available kit (Gentra
Puregene Blood Kit, Qiagen, Hilden, Germany) as previously
described (17, 42). All ten exons of the FANCB gene (Figure 1)
were amplified in a standard PCR reaction using Taq PCR Master
Mix Kit (Qiagen, Hilden, Germany) and primers (sequences are
available from the Authors) located in the introns to amplify the 5’
and 3’ UTRs and all 10 exons including at least 50 bp of the splice
donor and acceptor sites. Sequencing was performed using an
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Table I. Characteristics of HNSCC patients enrolled in the germ line
sequencing for FANCB.

Variable                                                                 No. patients

Gender                                                                           85
    Male                                                                          65 
    Female                                                                       20
Tumor location
    Oropharynx                                                               47
    Larynx                                                                       17
    Hypopharynx                                                             9
    Nose and paranosal sinus                                          8
    Oral cavity                                                                 2
    Unknown primary (CUP)                                          2
Secondary tumor
    HNSCC                                                                     11
    Larynx                                                                        5
    Hypopharynx                                                             3
    Oropharynx                                                                2
    Lip                                                                              1
    Other malignancy                                                     24
    Oesophageal cancer                                                   7
    Lung cancer                                                               4
    Bladder cancer                                                           4
    Prostate cancer                                                           3
    Colon cancer                                                              2
    CML                                                                           1
    CLL                                                                            1
    Mantle cell lymphoma                                               1
    Mamma carcinoma                                                    1



3730xl DNA Analyzer (Applied Biosystems/Thermo Fisher
Scientific, Regensburg, Germany) as described previously (17). 

Plasmid construction and lentiviral vector production. The
retroviral and lentiviral vector backbones used in this study were
described previously (42-44). The human codon-optimized cDNA
for human wild-type (WT) FANCB cDNA was designed and then
synthesized by GeneArt (Thermo Fisher Scientific). The cDNA was
cloned with 5’ SalI and 3’ BamHI (New England BioLabs,
Frankfurt, Germany) into the retroviral pS91-EGFP-IRES-NEO
vector, thereby creating a fusion protein with 5’ EGFP. For insertion
of glutamic acid at position 335 in the human FANCB protein
(p.G335E), a site-specific mutagenesis by standard overlap
extension PCR was performed with the mutagenic primers 5’-
GTGCTGATCGACGACTTCATCGAAAGCGGCACCGAACAGG
TGATG (forward) and 5’-CAGCACCTGTTCGGTGCCGCTTTC
GATGAAGTCGTCGATCAGCAC (reverse) as described (42).

With the restriction endonucleases AgeI and BamHI, the EGFP-
FANCB WT and EGFP-FANCB G335E coding sequences were
cloned into a lentiviral vector, puc2CL6EGIP, with an IRES-puro
resistance gene cassette (Figure 2). All constructs were controlled
by digestions and sequencing. Recombinant replication deficient
lentiviral vectors were produced in the VSV-G pseudotype and
primary human fibroblasts were transduced in the presence of 7.5
μg/ml polybrene (Sigma-Aldrich, Deisenhofen, Germany) and the
selected with 1 μg/ml puromycin (Sigma-Aldrich) as previously
described (43, 44). 

Cell cycle analysis of Mitomycin C (MMC)-treated primary
fibroblasts. The healthy non-FA, FANCB- and FANCG-deficient
reference fibroblasts were previously described by us (24). After
selection with 1 μg/ml puromycin, stably transduced cells were
incubated in the absence or presence of 45 nM mitomycin C (MMC)
at 5% CO2 and normal oxygen levels at 37˚C for three days. Cells
were then harvested and prepared for flow-based cell cycle analysis
as described previously (45). Briefly, cell pellets were resuspended in
1% bovine serum albumine (BSA; Sigma-Aldrich) in PBS, fixed with
Ethanol and stored at –20˚C for at least 24 h. Cells were then treated
with 100 μg/ml RNase (Invitrogen, Karlsruhe, Germany) and stained
with 10 μg/ml propidium iodine (Sigma-Aldrich). Subsequently, cells
were analyzed on a FACSCalibur (BD Bioscience, Heidelberg,
Germany) and 50,000-100,000 events collected for each sample.
Analysis of the cell cycle distribution was performed using MODFIT-
LT (Verity Software House, Topsham, Maine, USA).

Results

FANCB germline DNA mutational analyses were performed
on 85 HNSCC patients (20 female and 65 male) between
32-75 years of age. Eleven patients had an independent
secondary squamous cell carcinoma in the head and neck
area, predominantly located in the larynx. Of those, five
experienced an additional solid carcinoma (bladder, prostate,
esophagus, colon, lung). Additional nineteen patients also
developed an independent second malignancy elsewhere
(see Table I for more information). Sequencing analysis of
the DNA from peripheral blood leukocytes revealed the
presence of four known single nucleotide polymorphisms
(SNPs) within FANCB, namely rs2188383 in exon 2,
rs2375729 in intron 3, rs41309679 in exon 4, and
rs2905223 in intron 6 (Figure 1, Table II).

The SNP rs2188383 was detected in 8 out of 20 females
in heterozygous state and appeared homozygous in 22 out
of 65 male patients due to the X-chromosomal location of
FANCB. As the translational start of FANCB is in exon 3,
this SNP is located within the 5’UTR region. The ancestral
A of the rs2375729 in intron 3 (c.951+129A>C) is located
outside of the active splice regions and was present in 7 out
of 20 females and in 22 out of 65 males in ‘homozygous’
state; eight additional female patients were heterozygous
carriers (Table II). The dbVAr database (https://
www.ncbi.nlm.nih.gov/dbvar) reports a minor allele
frequency (MAF) of 47% for this SNP in the 1000 Genomes
project. The SNP rs41309679 in exon 4 results in a glycine
to glutamic acid exchange at amino acid 335: c.1004G>A
leading to p.G335E (Figure 3). This SNP is present in only
4% of samples in the 1000 Genomes and in 6% in the ExAC
database (Table II). The fourth SNP rs2905223 (c.1327-
10T>C) is located in intron 6 in the splice acceptor site and
is relatively frequent in the 1,000 genomes (0.4336) and in
the ExAC (0.4362) databases. The human splicing finder
algorithm (www.splicing.org) reported no significant
alteration of the splicing for this SNP.
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Figure 1. Genomic structure of FANCB with ten exons. The translational start is located in exon 3. SNPs found in this study are marked. (The
intron/exon drawing is not according to scale).



For initial assessment whether the missense alteration
p.G335E caused by rs41309679 might be associated with a
loss-of-function in FANCB, we used four freely available
online tools for analysis, namely PolyPhen-2 (http://genetics.
bwh.harvard.edu/pph2/index.shtml), SIFT (http://sift.bii.a-
star.edu.sg/), MutationTaster (http://mutationtaster.org/) and
Provean (http://provean.jcvi.org/index.php). Importantly, all
four online tools predicted rs41309679 to be associated with
loss-of-function (Table II), classified as ‘probably damaging’,
‘deleterious’ or ‘disease causing’. As shown in Table III, the
five homozygous carriers of rs41309679 were all male (3
laryngeal, 1 nasal and 1 oropharyngeal carcinoma), and the
five heterozygous carriers (2 oropharyngeal, 2 hypopharyngeal
and 1 laryngeal carcinoma) all females. One male had a
secondary tumor in the oropharynx, one was also diagnosed
with lung and bladders cancer and another experienced colon
carcinoma. One female had a colon carcinoma. All
‘homozygous’ men smoked and four of the five regularly
consumed alcohol. One woman regularly drank alcohol and
smoked while four heterozygous female carriers did not report
any behavioral risk factors. Data on HPV infections were not
available. All females and half of the men showed metastasis
to regional lymph nodes, however none of the affected
patients had distant metastasis (Table III). 

In order to ultimately determine whether these predictions
for the missense alteration p.G335E were accurate, we
decided to functionally test the amino acid substitution in
FANCB by overexpression in primary FANCB-deficient
reference fibroblasts. The FA-typical hypersensitivity to
relatively low concentrations of interstrand crosslinking
agents can then be readily quantified by flow cytometry-
based cell cycle analysis, a methodology that we have used
extensively for functional analysis of missense mutations in
reference primary cells and cell lines (45-47). To this end,
we generated lentiviral vectors (Figure 2) containing either
the wildtype or the p.G335E FANCB cDNAs fused to EGFP.

In addition, the puromycin resistance gene pac was co-
expressed from the same internal modified SFFV U3
promoter via an encephalomyelocarditis virus internal
ribosomal entry site (IRES) (43, 44). The lentiviral vector
plasmids were used to produce replication-deficient
infectious lentiviral particles pseudotyped with the VSV-G
envelope that we then titered by puromycin resistance on
HT1080 cells as published previously (43, 44). After
transfection, the presence of the FANCB-EGFP fusion
proteins was confirmed in Western blots on HEK293T cells
by staining with a commercially available EGFP monoclonal
antibody and by using β-actin staining cells as a loading
control (data not shown). Primary skin fibroblasts from a
healthy donor and FANCG- and FANCB-deficient FA
reference patients (24) were transduced with the three
vectors shown in Figure 2 at multiplicities-of-infections of
1-2 for 24 h. After selection with puromycin, stably
transduced fibroblasts were challenged for three days with
45 nM mitomycin C and then analyzed by flow cytometry
(45-47). As shown in Figure 4, primary fibroblasts from a
healthy donor did not arrest in the G2 phase of the cell cycle,
while the control vector-transduced FANCG- and FANCB-
deficient primary FA fibroblasts showed clear evaluations of
their G2 peaks. Transduction with the wildtype and the
p.G335E FANCB cDNAs both corrected the MMC-induced
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Figure 2. Scheme of the lentiviral vectors. The plasmid puc2CL6EGFBwtcoIP contains the human codon-optimized FANCB cDNA. All three plasmids
carry an antibiotic resistance towards puromycin as selection marker and EGFP as a 5’ protein tag. 

Figure 3. Missense alteration c.1004G>A leading to p.G335E found in
HNSCC patient #67. The SNP rs41309679 changes glycine (GGA) at
position 335 to glutamic acid (GAA).



cell cycle arrest of the FANCB-mutated fibroblasts to the
levels of the normal control fibroblasts (indicated by the
arrows). These results clearly demonstrated that despite the
in silico prediction by four online tools, the p.G335E
missense alteration in FANCB is associated with normal
functions of the protein. 

Discussion

Among the roughly 600,000 humans newly-diagnosed with
HNSCCs each year worldwide, there is a pronounced gender
disparity with the incidence in males being commonly 2 to 3-
times higher in both, developed as well as developing
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Table II. Results of germ-line DNA sequencing analysis. The sequence alterations found in 85 consecutive HNSCC patients are listed. SNP
classification, the effect, the location, the distribution of the germ-line alterations in our study population of 20 females (f) and 65 males (m), the
minor allele frequency (MAF) in the 1000 Genomes project and in the Exome Aggregation Consortium (ExAC) are also shown. The prediction
results of four algorithms for function classification of genomic alterations, namely PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/index.shtml),
SIFT (http://sift.bii.a-star.edu.sg/), MutationTaster (http://mutationtaster.org/), Provean (http://provean.jcvi.org/index.php) as well as predictions of
the Human Splicing Finder algorithm (http://www.umd.be/HSF/) are indicated. 

SNP                 Location        Own data           MAF: 1000            ExAC               PolyPhen2              SIFT       Mutation        Provean        Human 
effect                                    f=20, m=65            genomes                 data                                                                    taster                                splicing 
description                               (n=85)                                                                                                                                                                     finder 

rs2188383        Exon 2       Cytosine: 49           0.47 (C)             Ancestral         Unremarkable    Unremarkable      ---                   ---                ---
c.-173G>C                          Guanine: 28                                       allele: G 
                         5’UTR    Heterozygous: 8                                (not reported)
                                                                                                  Cytosine: 0.717
                                                                                                  Guanine: 0.283
rs2375729       Intron 3       Cytosine: 48            0.47 (T)     Ancestral allele: A        Splice                Splice            ---                   ---       No significant 
c.951+                                 Adenine: 29                                   (not reported)         algorithms         algorithms                                          splicing motif 
129A>C                           Heterozygous: 8                              Cytosine: 0.717                                                                                                  alteration 
                                                                                                  (adenine: 0.283                                                                                                    detected
rs41309679      Exon 4        Guanine: 75            0.04 (T)     Ancestral allele: C      Probably          Deleterious    Disease       Deleterious   ESE Site 
c.1004G>A                           Adenine: 5                                         T=0.064           damaging (1)                              causing         (–6.864)        broken
                                        Heterozygous: 5                                                                                                                 (0.999)                              Potential 

p.G335E                                                                                                                                                                                                              alteration of 
                                                                                                                                                                                                                                splicing
rs2905223       Intron 6      Thymine: 30           0.43 (G)             Ancestral                   ---                       ---                ---                   ---       No significant 
c.1327-                                Cytosine: 48                                       allele: A                                                                                                    splicing motif 
10T>C                              Heterozygous: 7                             A=0.4362/25946                                                                                                  alteration 
                                                                                                  Thymine: 0.292                                                                                                   detected
                                                                                                  Cytosine: 0.708

Table III. Clinical characteristics of carriers of rs41309679 SNP enrolled in this study.

Patient ID              T67              T78              T88              T156            T174              T51                T56                 T84                    T117                T147
Gender                  Male            Male            Male             Male            Male            Female          Female            Female                Female            Female
FANCB SNP       Homo-         Homo-         Homo-          Homo-         Homo-          Hetero-          Hetero-           Hetero-                Hetero-            Hetero-
                            zygous         zygous         zygous          zygous         zygous          zygous           zygous            zygous                zygous            zygous
Tumor 
localisation        Larynx     Oropharynx       Nose            Larynx        Larynx      Oropharynx       Larynx       Hypopharynx     Hypopharynx   Oropharynx

Age at 
HNSCC (y)           40                61                 75                  59                43                  84                  48                    63                        68                    49

TNM                 T1NxMx     T2N1M0     unknown      T1N0M0     T4NxMx      T4N3Mx      T1N2aMx       T3N2bM0           T2N2bM0       T1N2cMx
Additional             No             Colon        Bladder,    Oropharynx        No                 No                 No           Oropharnyx               No                   No
cancers                                carcinoma        lung                                                                                                  and Colon 
                                                                                                                                                                                carcinoma
Nicotin 
consumption         Yes               Yes               Yes                Yes              Yes                No                 No                   No                       No                   Yes

Alcohol 
consumption         No               Yes               Yes                Yes              Yes                No                 No                   No                       No                   Yes



countries (1). This phenomenon is also apparent in our patient
cohort. Although it is commonly argued that men consume
more tobacco and alcohol - the main behavioral risk factors
for HNSCC development (1), it is tempting to speculate that
inherited factors might also play an important role for this
inbalance. Here, men would be at a major disadvantage if
genetic risk factors for HNSCCs lie on the X-chromosome.

Myriads of studies have shown that lower or impaired DNA
repair capacity strongly correlates with a higher risk to
develop malignancies (reviews (48-50)). FANCB is a 
X-chromosomal DNA repair gene with essential functions for
DNA repair within the FA/BRCA pathway (33, 51) and it is
also important for other functions in the cell (39, 52-54).
Defects in FANCB are associated with genetic instability and
hypersensitivity to DNA crosslinking agents such as platinum-
derivatives (33), both of which are also hallmarks of HNSCC
cells. Remarkably, all FA patients including FANCB patients
have an extremely high incidence of spontaneous HNSCCs
(21-23). Importantly, other groups demonstrated that FANCB
can be significantly down-regulated in sporadic HNSCC (40)
and that up to 31% of sporadic HNSCC tumors demonstrate
hypermethylation of the FANCB promoter locus (41). 

We therefore decided to analyze germline DNA from 85
consecutive patients from our institution with histologically
confirmed HNSCCs, including all sites and stages of the disease,
by classical Sanger sequencing. Four different single-base
nucleotide alterations were detected (Table II), one located in the
5’ UTR in exon 2 and two located in introns 4 and 6,
respectively. One alteration in exon 4, c.1004G>A, is a missense
substitution that leads to a substitution of glycine from glutamic
acid (p.Gly335Glu) and therefore changes a small neutral amino
acid to a larger acidic one. All four alterations were already

present in the dbSNP public database at the National Center of
Biotechnology at the National Institute of Health (NIH) of
U.S.A. (https://www.ncbi.nlm.nih.gov/snp). Two of the SNPs
have previously been reported in Spanish patients from breast
cancer pedigrees (55), however were not characterized or
analyzed further. While the three untranslated SNPs have
relatively high minor allele frequencies suggesting that they are
functionally neutral, the missense alteration rs41309679 has a
minor allele frequency of only 0.04 (Table II). In our patient
cohort of 85 HNSCC patients, 10 patients were carriers of the
germline missense alteration. Five out of these 10 patients were
men and ‘homozygous’ for the SNP. All five females were
heterozygous carriers. With respect to the behavioral risk factors,
all men smoked and most of them drank alcohol, while 4 out of
the 5 females neither smoked nor drank alcohol. 

The p.G335E missense mutation changes both the polarity
and size of the amino acid at this site in the protein and
therefore could influence the correct folding as well as the
functionality and stability of FANCB. Although four different
web-based prediction programs, namely PolyPhen2, Sift
Forecast, Mutation Taster and Provean, predicted that the
missense will impair the functions of the FANCB protein
(‘probably damaging’, ‘deleterious’ or ‘disease causing’), we
favored a functional approach for missense variation
classification whenever possible. To this end, we established
integrating viral vector systems to express cDNAs with
missense variants of unknown significance of established or
candidate DNA repair genes in genetically defined reference
lines (31, 42, 45, 46). This approach is technically more
advanced and requires proliferating cells with a cellular
phenotype that can be corrected by overexpression of a normal
cDNA of the altered gene. Here, we used a puromycin-
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Figure 4. Cellular correction of primary FA-B fibroblasts by the FANCB p.G335E missense protein. Human primary FANCB-deficient fibroblast
cells were analyzed by flow cytometry after three days in presence of mitomycin C.



selectable lentiviral vector to stably express an EGFP-tagged
wild-type or p.G335E altered FANCB protein in primary skin
fibroblasts of a reference FANCB patient (24). As shown in
Figure 4, the FA typical G2 arrest can be recognized in the
non-transduced and mock-transduced FANCB-deficient cells
as well as control FANCG-deficient cells after exposure to
MMC. However, neither the non-FA control cells nor the
FANCB-deficient cells expressed the FANCB wildtype or
G335E proteins. This result clearly demonstrated that the
missense FANCB protein p.G335E is able to completely
correct the FA-typical cell cycle arrest and therefore in sharp
contrast to all four prediction algorithms has normal functions
comparable to the wildtype protein. 

Reliable and clinically usable classification of variants of
unknown significance (VUS) is a major challenge for rare
sequence alterations in both germline as well as tumor DNA.
The in silico online prediction tools can be helpful, however
confirmation needs to be obtained in clinical data sets and also
by functional studies. A remarkable failure of online prediction
tools was reported for SLX4/FANCP. Bakker et al. reported the
presence of 39 missense variants in 729 BRCA1/2-negative
breast cancer cases (56). Two rare ones were predicted by at
least two out of three online prediction programs to be
pathogenic. Shah et al. analyzed 738 BRCA1/2-negative
patients from breast cancer pedigrees with at least two or more
family members affected (57). From 51 missense variants, 22
were predicted to be damaging by Polyphen2. Both groups
then tested seven of their most likely pathogenic mutants for
functional activity after expression in genetically SLX4
deficient cells and could not detect any impairment in the
cellular response to mitomycin C, demonstrating that the
predictions were simply wrong (56, 57).

All four prediction programs erroneously classified the
FANCB p.G335E amino acid alteration as pathogeneic and
associated with loss-of-function. However, strong phenotypic
evidence – independent from any functional testing – made
it highly unlikely that this classification was correct. As men
only have one functional FANCB allele on their single X-
chromosome, any germline sequence alteration associated
with a pronounced functional deficit would make these men
FANCB patients with the strong phenotypic characteristics of
the FA-B complementation group (33) including severe
congenital abnormalities and allogeneic hematopoietic stem
cell transplantation before adulthood (20, 58, 59). 

In conclusion, FANCB cannot be a major inherited
susceptibility factor for male HNSCCs or other male cancer.
In fact, for the classification of inherited missense variants
in X-chromosomal genes with a clear clinical phenotype,
occurrence in ‘homozygous’ state in healthy men (or
females) should automatically lead to the classification as
nonpathogenic. In contrast, the role of FANCB as an
inherited heterozygous risk factor in females is much less
clear. Importantly, due to the strong selection disadvantage

of FANCB-deficient cells, female heterozygous mutation
carriers will inactivate the X-chromosome with the mutant
FANCB allele in all of the mature hematopoietic cells in the
peripheral blood (33). It appears likely that this also occurs
in other cells in the body, however so far this has not
formally been tested in female FANCB mutation carriers.
Here, it would be very interesting to study how complete the
inactivation of the defective FANCB locus occurs in cells of
different organs and origin and whether tumors might arise
in female FANCB mutation carriers over their lifetime due to
the hypermutability in cells if the inactivation is incomplete
or the healthy X-chromosome inactivated. In order to
ultimately exclude FANCB germline mutations as a risk
factor in HNSCCs, the next step is to selectively screen
missense alterations in FANCB that only occur in a
heterozygous state in females but never in males for activity
in our overexpression system.
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