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The Fanconi Anemia Pathway: Repairing the Link Between DNA
Damage and Squamous Cell Carcinoma

Lindsey E. Romick-Rosendale1, Vivian W. Y. Lui2, Jennifer R. Grandis2, and Susanne I.
Wells1

1Division of Oncology, Cancer and Blood Diseases Institute, Cincinnati Children’s Hospital
Medical Center, Department of Pediatrics, University of Cincinnati College of Medicine,
Cincinnati, OH 45229, USA
2Department of Otolaryngology, University of Pittsburgh School of Medicine, University of
Pittsburgh, Pittsburgh, PA 15213, USA

Abstract
Fanconi anemia (FA) is a rare inherited recessive disease caused by mutations in one of fifteen
genes known to encode FA pathway components. In response to DNA damage, nuclear FA
proteins associate into high molecular weight complexes through a cascade of post-translational
modifications and physical interactions, followed by the repair of damaged DNA. Hematopoietic
cells are particularly sensitive to the loss of these interactions, and bone marrow failure occurs
almost universally in FA patients. FA as a disease is further characterized by cancer susceptibility,
which highlights the importance of the FA pathway in tumor suppression, and will be the focus of
this review. Acute myeloid leukemia is the most common cancer type, often subsequent to bone
marrow failure. However, FA patients are also at an extreme risk of squamous cell carcinoma
(SCC) of the head and neck and gynecological tract, with an even greater incidence in those
individuals who have received a bone marrow transplant and recovered from hematopoietic
disease. FA tumor suppression in hematopoietic versus epithelial compartments could be
mechanistically similar or distinct. Definition of compartment specific FA activities is now critical
to assess the effects of today’s bone marrow failure treatments on tomorrow’s solid tumor
development. It is our hope that current therapies can then be optimized to decrease the risk of
malignant transformation in both hematopoietic and epithelial cells. Here we review our current
understanding of the mechanisms of action of the Fanconi anemia pathway as it contributes to
stress responses, DNA repair and squamous cell carcinoma susceptibility.

Fanconi anemia pathway mutations play key role in the development of
cancer

FA is a rare, autosomal recessive, and X-linked in the case of FANCB, syndrome
characterized by congenital defects, bone marrow failure (BMF), and increased
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susceptibility to cancers. These are predominantly acute myeloid leukemia (AML) and head
and neck squamous cell carcinoma (HNSCC) [1–4]. Disease incidence is rare, estimated at 1
in 200,000 live births, with a carrier frequency of 1 in 181 [5, 6]. A diagnosis of FA is
devastating with a median life expectancy of a little over 20 years [3, 6]. Symptoms
frequently occur early in life and include a constellation of birth defects, hematologic
abnormalities, and cellular as well as organismal hypersensitivity to agents that cause DNA
interstrand crosslinks (ICLs), such as melphalan, cisplatin, and mitomycin C (MMC). Based
on the variable expressivity of recognized symptoms, it is possible that the true incidence of
FA is grossly underestimated. Recommendations to screen leukemia patients who recover
poorly from chemotherapy, and young squamous cell carcinoma patients, particularly those
who experience serious toxicity from chemotherapy and/or radiation, have been voiced [7,
8]. FA genes participate in a common pathway, which ensures genome integrity through
controlling a myriad of chromatin processing and DNA damage response pathways wherein
mutation of any of the FA genes individually leads to the clinical FA phenotype [9–12].

FA is described as a chromosomal instability disorder, which can affect multiple organ
systems with variable severity. It is largely characterized by cellular hyper-sensitivity to
DNA damaging agents that induce DNA interstrand crosslinking (ICL) [13–15], impairing
DNA strand separation and unwinding, and ultimately hindering DNA replication and
transcription [16, 17]. Cells cultured from individuals with FA exhibit cellular accumulation
in the G2 phase of the cell cycle and pronounced chromosomal breakage when exposed to
crosslinkers such as mitomycin C or diepoxybutane (DEB). In fact, the formation of radial
chromosomes in FA lymphocytes treated with DEB has been utilized as a diagnostic feature
of FA for years [4, 17–19]. Hypersensitivity to ICLs is a hallmark of FA cells, and the FA
machinery was therefore initially regarded as a specialized ICL repair system reflected by
the rare incidence of FA. However, the finding that the replication checkpoint kinase ataxia
telengiectasia and Rad3-related (ATR) is required for triggering FA activation [20, 21] and
that important breast cancer susceptibility genes BRCA2, PALB2 and BRIP1 are identical to
FANCD1 [22], FANCN [23, 24], and FANCJ [25–27], have redefined the FA pathway as
one of broad importance. Correspondingly, the FA pathway is activated beyond ICL by
many forms of genotoxic stress including UV, ionizing radiation and oxidative stress, and
FA deficient cells have been utilized as a general model system to study ATR signaling and
BRCA functions in DNA repair [20, 28].

FA pathway activity is tightly regulated and specifically activated during the S phase of the
cell cycle [29] and in response to DNA damage [15, 30]. Individuals with FA have an
approximately 50-fold increased risk of developing any cancer type [2], with striking
susceptibility to leukemia and squamous cell carcinomas. Carriers of FANCD1/BRCA2 and
RAD51C mutations are predisposed to breast and ovarian cancer [31–33], carriers of
FANCJ and FANCN mutations are predisposed to breast cancer at lower penetrance [34–
37], and carriers of FANCD1/BRCA2, FANCC and other FA gene mutations are
predisposed to pancreatic cancer [35, 38–41]. Importantly, defects in the FA/BRCA pathway
exist in the general, non-FA population, and associated cancer susceptibility is thus not
limited to the rare, inherited scenario. Tissue specific FA repression and crosslinker
sensitivity have been reported. FANCD2 and FANCF deficiencies occur in ovarian tumor
cells [42–44], and FANCF silencing has been detected in a significant proportion of
cervical, head and neck and lung cancers [45, 46]. However, one report did not detect
FANCF silencing in head and neck cancer (HNC) cells [47], and additionally, cisplatin
sensitivity was not associated with the FA/BRCA pathway inactivation in HNC cell lines
[48]. Similarly, Burkitt and Ljungman were unable to link cisplatin sensitivity to defective
monoubiquitination of FANCD2 in four head and neck cancer cell lines. Interestingly,
however, three of four cisplatin sensitive cell lines investigated were unable to induce the
formation of FANCD2 nuclear foci, and both FANCD2 focus formation and cisplatin
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resistance could be restored through the expression of exogenous BRCA1 in these cells [49].
These findings would suggest that defects in FANCD2 nuclear focus formation, but not
ubiquitination, are indicative of cisplatin sensitivity, and that BRCA1 deficiencies are
responsible. Regardless, early identification of biomarkers for cancer cells, such as head and
neck squamous cell carcinoma, which identify defects in the FA pathway may allow for
alternative chemotherapeutic and/or irradiation options to be exploited. Because FA
deficient cells are hypersensitive to DNA damage, low dose clastogenic treatments may be
effective for sporadic SCCs with FA mutations. Systematic dose de-escalation studies in FA
SCC models are needed to explore this possibility. The results may be particularly useful for
FA patients where achieving tumor eradication while minimizing life threatening toxicity
remains a difficult balancing act.

The FA pathway: multi-protein interactions coordinate DNA repair
Fifteen complementation groups and the corresponding FA genes have now been identified
[14, 22–24, 26, 27, 50–64]. Their protein products function as either signal transducers and/
or DNA processing factors within the larger FA-BRCA DNA damage response network as
described below. Our published studies have demonstrated that multiple FA and associated
genes are transcriptionally limiting and co-regulated through Rb/E2F pathways [65].
Upregulation of components of the DNA repair machinery in proliferating cells is likely to
ensure maximal DNA repair capacity when the chance of replicative DNA damage and the
need for DNA repair is greatest. The FA/BRCA pathway is activated during DNA
replication and by DNA damage in the form of ICLs and other lesions. Protein components
of the FA/BRCA pathway assemble into at least three complexes within the cell nucleus,
these are the FA core complex (FACC), the ID complex composed of (mono)ubiquitinated
FANCD2 and FANCI proteins, and a complex of the FANCN and BRCA2 proteins
associated with homologous recombination that binds chromatin near DNA lesions
downstream from the ID complex.

Figure 1 depicts a working model of the FA pathway: The FA core complex is composed of
eight FA proteins (FANCA, B, C, E, F, G, L, and M) along with other FA-associated
proteins, such as FAAP100, FAAP20 and FAAP24 [66–70]. Multiple constituents of the
core complex, as well as associated components of the pathway are phosphorylated
including FANCA, G, M, D1/BRCA2, D2, and I, and these phosphorylation events are
important for the repair of ICLs [71–74]. The core complex forms a nuclear, high molecular
weight E3 ubiquitin ligase complex, based on the sole E3 ubiquitin ligase domain of
FANCL [50]. The FANCL protein contains additional domains responsible for directing
substrate binding (DRWD domain) and four E2 protein interactions (RING domain) by
utilizing UBE2T [75, 76]. The FANCM protein of the Fanconi anemia core complex is an
important component of the pathway providing ICL resistance to cells [77]. FANCM and
FAAP24, with the help of the histone-fold containing proteins MHF1 and MHF2 [78],
recognize both lesions in DNA and stalled replication forks [66, 79] and subsequently
generate single stranded DNA [80], which is thought to activate both ATR and its
downstream target Chk1 [81].

The key upstream regulators of the FA pathway, ATR and ATM kinases, are responsible for
phosphorylating several components of the FA pathway and specifically direct the cellular
response to DNA damage during S-phase [15, 21]. The phosphorylation of FANCI has been
identified as a potential molecular switch that turns on the FA pathway [82]. FANCI
phosphorylation initiates the interactions between the FACC and the ID complex composed
of FANCI and FANCD2 [82, 83]. Following phosphorylation, both components of the ID
complex are monoubiquitinated by the FACC ubiquitin ligase at Lys561 of FANCD2 and
Lys523 of FANCI [14, 30, 50, 59, 84].
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As depicted in Figure 1, FA activation involves the assembly of high molecular weight FA
complexes in the nucleus. The presence of each FA protein within the core complex is a
prerequisite for proper complex assembly and subsequent DNA repair; however, several
FA-interacting proteins play non-canonical roles outside of the classical pathway [85], and
this explains why mutations within different FA genes yield similar, albeit not necessarily
identical, clinical phenotypes. Monoubiquitination of both FANCD2 and FANCI, the
components of the ID complex, are important for the downstream function of the FA
pathway in DNA repair [14, 30, 59] and FANCD2 mono-ubiquitination is thus widely used
as a read-out for pathway activation. It is detectable by a shift from the nonubiquitinated
short form (FANCD2-S) of the protein to a slower migrating, long form (FANCD2-L) in
immunoblots. FANCD2-L relocalization to chromatin is visualized using
immunofluorescence (IF) by the formation of nuclear FANCD2 foci that colocalize with
other nuclear DNA damage response proteins such as γ H2AX or Rad51 foci. Mutation of
core complex I components (such as FANCA) is therefore reflected experimentally by the
absence of FANCD2 monoubiquitination, and by the absence of FANCD2 and Rad51 foci
following DNA damage induction [29, 30, 86]. This has been described for multiple cell
types including keratinocytes cultured from FA patient skin biopsies, wherein retroviral
FANCA complementation successfully re-instated the detection of FANCD2-L by
immunoblot and IF experiments [87].

Activation of the ID complex initiates its localization to nuclear foci together with BRCA1
and Rad51, essential factors for proper homologous recombination [29, 30]. After ID
complex loads onto chromatin, it binds the FAN1 protein, which is responsible for nuclease
activity during the repair of damaged sites [88–91]. Although FANCI monoubiquitination is
not required for proper repair of damaged DNA, it is believed that its phosphorylation may
play a role in localizing the ID complex to chromatin foci [82], which are described as sites
of repair because they harbor numerous repair factors, such as BRCA1, BRCA2, PCNA, or
Rad51 [29, 30, 92, 93]. Subsequent DNA nuclease recruitment and activation “unhooks” the
crosslink, followed by homologous recombination (HR), nucleotide excision repair (NER)
on the opposing strand and translesion synthesis (TLS) to repair the gap [94].

Once DNA repair is complete, the FA pathway is turned off by de-ubiquitination of the ID
complex. This inactivation of the pathway occurs when USP1, a de-ubiquitinating enzyme,
associates with FANCD2 within the nuclear foci and removes the monoubiquitin moiety
[95]. The absence of de-ubiquitination of FANCD2, much like the absence of ubiquitination,
leads to sensitivity of the DNA to crosslinking agents, such as cisplatin or mitomycin C [96,
97]. Although the FA pathway has thus become a model system for ICL repair, it is clear
that its molecular components coordinate and integrate a multitude of DNA repair
machineries including HR, NER and TLS, as each of these repair mechanisms contribute to
ICL repair. A recent review article by Kim and D’Andrea provides an excellent review of
how the FA pathway coordinates these three critical DNA repair processes for ICL repair
[98].

Clonal evolution plays a key role in progression to leukemia in the FA
population

A majority of FA patients invariably experience progressive bone marrow failure (BMF),
and oftentimes leukemia [5, 41, 99–101]. Marrow dysfunction occurs at approximately 7–8
years old, is associated with stem cell loss in the hematopoietic compartment, and is
responsible for the majority of FA childhood mortality (for a review see [102]). The risk of
BMF in FA is 90 percent by 50 years of age, although the mechanism for stem cell loss is
not fully understood [3]. Rapid hematopoietic cell loss then forces compensatory chronic
proliferation, which likely results in clonal evolution and leukemogenesis. Proof of concept
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for such clonal selection and resistance to cytokine-induced cell death has been reported
[103–106]. In an environment of genomic instability, loss of function of tumor suppressors,
as well as oncogenic translocations, can be acquired and selected for rapidly. Chromosomes
1, 3 and 7, for instance, were more frequently involved in FA AML cases than in de novo
AML cases [7]. The specific involved clone may thus distinguish FA AML from de novo
cases. The only curative therapy for hematologic FA abnormalities is a bone marrow
transplant (BMT). However, genotoxic conditioning regimens and the transplant itself are a
significant cause of morbidity and mortality in this patient population, which tolerates
chemotherapy and radiation poorly [107].

If FA patients survive BMF through treatment, they remain susceptible to cancers, typically
myeloid leukemias, and SCCs [3, 108–110]. Two research groups have shown that FA
patients with biallelic mutations in BRCA2 have an exceptionally high risk of developing
AML by age 5 [111, 112] and the overall prevalence of AML in FA patients is 33% by 40
years of age [3]. Many factors have led to the hypothesis that sporadic AMLs may also carry
FA defects; however, only a small number of mutations have been identified. For example,
FANCF silencing was demonstrated in an AML cell line [113] and hypermethylation of the
promoter regions of both FANCC and FANCL have also been identified in sporadic acute
leukemia [114]. Other aspects, such as the high risk of AML and myelodysplastic syndrome
(MDS) in pediatric FA patients, and the similarities between chromosomal abnormalities in
both FA and AML/MDS [2, 115, 116] call for further investigation into molecular link(s)
between FA pathway irregularities and AML/MDS in the general population [117].

Many individuals with FA will develop AML and/or MDS if they live long enough and do
not succumb to other FA related complications. It is for this reason that the FA genotype is
equitably viewed as preleukemia [110]. Stabilization and prevention of pre-leukemic
phenotypes in these patients is the expressed goal, but should ideally be achieved without
increasing the risk of solid tumor development. However, a thorough understanding of the
role of FA proteins in squamous epithelium is lacking, thus impeding the rational design of
strategies that prevent both hematopoietic and epithelial transformation. Below, we highlight
molecular and phenotypic aspects of FA, which might differ substantially across tissue and
cancer types. If so, then care must be taken in ensuring that the prevention and treatment of
leukemia in the FA patient population does not further exacerbate the development of solid
tumors.

Mutations in the FA pathway lead to increased risk of squamous cell
carcinoma

Results from the International FA Registry (IFAR) have revealed that FA patients are highly
susceptible to non-hematologic neoplasms [3, 99]. Squamous cell carcinomas (SCCs) of the
anogenital region and head and neck, the latter with an up to 1,400 fold risk over that of the
normal population, are the most commonly diagnosed solid tumors in these patients. A
recent report on cancer incidence in the German FA Registry also described an extreme risk
of head and neck, vulvar, and esophageal SCC [115]. Cancers of the head and neck can arise
throughout the mucosal linings of the entire upper aerodigestive tract, including the oral
cavity, oropharynx, nasopharynx, hypopharynx and larynx. HNSCC originates from the
normal mucosa [118], advances through a multistep process and evolves through a sequence
of histopathologic stages [119], which is discussed in detail by Califano et al. [119, 120].
Approximately 36,500 new patients are diagnosed yearly with head and neck cancer in the
United States [121]. Head and neck squamous cell carcinomas (HNSCCs) constitute the
majority and are the sixth leading cancer worldwide, with prolonged tobacco and alcohol
use as principal risk factors for this disease [122]. In the general population, approximately
25% of these cancers are caused by infection with human papillomavirus (HPV),
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particularly the HPV16 genotype [119, 123, 124]. HPV status determines significant
biological differences, with HPV positive tumors exhibiting improved response to treatment
and prognosis when compared to HPV negative tumors. The prevalence of HPV in FA
SCCs, however, remains controversial to date [125–127].

Because only a small number of persons exposed to tobacco, alcohol or HPV ultimately
develop cancer, it is believed that an individual must also have an inherent predisposition,
which collaborates with these genotoxic exposures for carcinogenesis to occur [128]. Along
with the previously mentioned environmental factors, HNSCC has also been linked to FA,
and patients with this BMF syndrome are susceptible to chromosomal instability and the
development of SCC [3, 126, 129]. Cloos et al. have proposed that there are different levels
of DNA safeguarding capability within the general population which play a role in the
development of cancer [130]. Unfortunately, overall treatment outcomes for HNC have not
improved in decades and conventional clastogenic therapies have substantial side effects on
normal physiological functions such as swallowing, speech and physical appearance. These
responses to therapy, together with tumor development, are also predicted to be modified by
genetic predispositions, and appear to be greatly amplified in FA patients [131]. Therefore,
while FA tumors are predicted to be exquisitely sensitive to conventional chemotherapy and
radiation, the FA individual’s global hyper-sensitivity to DNA damage limits the
effectiveness of such therapies, and particularly radiotherapy, dramatically [131–134].

Array based comparative genome hybridization of 21 sporadic oral squamous cell
carcinomas revealed de-regulation of a number of FA and FA-associated genes, including
BRCA1, BRCA2 (FANCD1), FANCG and FANCD2 [135]. Two recent publications in
Science utilized whole-exome sequencing approaches in order to screen for genetic
mutations in primary head and neck cancers and prior to drug treatment [136, 137]. Stransky
et al. identified numerous mutations listed in Table 1 in either FA genes themselves, or more
generally in a select subset of genes associated with DNA repair [136]. The list of genes
shown in Table 1 represents new analyses of the data previously published by Stransky et
al., which reveal that 38 out of the 74 (51%) sequenced tumors harbored one or more
somatic mutations in the indicated gene subset. More strikingly, a great majority of these
tumors (18/38 tumors; 47%) harbored multiple mutations ranging from 2–7. Among these
mutated genes, BRCA2, FANCM (5 mutations reported), ATR, UBE4A (4 mutations
reported), BRCA1, USP43 and USP44 (3 mutations reported) are most frequent. These
recent findings indicate that a subset of primary, therapy-naïve HNSCCs harbor mutations in
important DNA repair pathways including FA. Such mutations may contribute functionally
to increased tumor growth and/or may modify sensitivity to conventional drug therapies. Of
note, mutations in FA-related genes were also identified by Agrawal et al. [137], albeit at a
lesser frequency. This might be due to a distinct clinical cohort, sample size and/or technical
differences.

As stated previously, individuals with FA have an astonishing probability of one in three for
developing solid tumors, most commonly HNSCC, by age 48 [2, 99]. The cumulative risk of
developing HNSCC is more than 4% per year, an estimated 700-fold greater risk than in
non-FA individuals. In patients that also received bone marrow transplants, this risk
increases further by four-fold [138], likely due to deficiencies in DNA damage repair, and
subsequent rises in genomic instability, in epithelial cells of the head and neck region. BMT
conditioning regimens are presumed to lead to an increased risk of epithelial cancers through
genome instability and clonal selection in epithelial FA compartments. A uniquely high
susceptibility to head and neck cancers, however, remains unexplained. Possible factors
involved might be extensive tissue destruction and regeneration following the preparative
regimen, or a role for oncogenic pathogens including, but not limited, to HPV. FA can affect
various organs and individuals generally present with complications such as growth
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retardation, congenital malformations, learning disability, hyper-pigmentation and an
elevated risk of secondary malignancies including HNSCC at a early age [139].

In contrast to leukemogenesis, the development of solid tumors in individuals with FA,
particularly SCCs of the head and neck (HN) and anogenital tract, is understudied at a
molecular level and thus poorly understood. Such tumors occur at an early age in the FA
population and with striking aggressiveness. Surgical treatment remains the mainstay, but
relapse-free, two-year survival rates are below 50%. Chemotherapy and radiation treatments
are associated with high mortality and morbidity due to the patients’ global hypersensitivity
to DNA damage. A recent report by Birkeland et al highlights a particularly high degree of
complications from radiotherapy, including mucositis and pancytopenia, and poor overall
survival [131]. Conventional clastogenic treatments are problematic, and new therapies for
the clinical management of FA associated SCC are thus urgently needed. Early intervention
is the best line of defense, and will be key for increasing the chance of complete surgical
resection and survival in this patient population. However, the absence of relevant
biomarkers impedes attempts for early detection of tumor cells in individuals with FA. It is
important to note that keratinocytes are the cell type of origin for basal cell carcinomas and
squamous cell carcinomas; therefore, FA functions in SCC need to be studied in this same
cell type.

Sporadic malignancies with inactivated FA pathway components and associated proteins
have been identified [140]. Factors such as hypermethylation, loss of function mutations in
FA genes, and increased expression of proteins that influence FA protein functionality and
binding interactions have been proposed as mechanisms that disrupt the FA pathway [46,
141, 142]. Transcriptional BRCA1 repression in the absence of genetic mutations has been
reported for sporadic tumors and linked to poor prognosis in patients with breast cancer
[143, 144]. Transcriptional repression of one or several FA genes by an unknown
mechanism was also reported for sporadic head and neck SCCs [145], oral cancers from
particularly young patients [146], and ovarian cancers [42]. Finally, disruption of
transcriptional FA co-regulation may also occur through epigenetic mechanisms, as has been
shown with the hypermethylation of FANCF and at a lower frequency for BRCA1 and
BRCA2 in cervical, oral, ovarian and lung cancers [45, 46, 147]. DNA methylation profiling
of laryngeal SCC cell lines and primary laryngeal carcinomas revealed very high
frequencies of hypomethylation for FANCA, and hypomethylation for BRCA1 and
hypermethylation for BRCA2 [148]. Together with a recent report that identified a
polymorphism in FANCA associated with cervical cancer progression [149], it is likely that
insights into the role of FA in SCC in the rare FA patient population will advance our
understanding of mechanisms and consequences of FA inactivation in a subset of SCC in the
general population.

Oncogenicity: a selection driven or active process in the FA population?
The onset of cancers, such as leukemia and squamous cell carcinoma (SCC), takes place at
an unusually early age in persons with FA when compared to control populations. The
observed accelerated transformation of FA hematopoietic cells to leukemia, and that of
keratinocytes to SCC, may occur through similar or distinct molecular mechanisms. Recent
unpublished data generated in our lab indicate that at the level of gene regulation, several
pathways specific to epithelial (rather than hematopoietic) cell growth and development are
affected by FA loss in vitro. However, a small number of genes that are regulated in FA-
deficient epithelial cells have also previously been shown to be similarly modulated in
hematopoietic cells. We thus hypothesize that FA loss regulates some cellular pathways
universally, and others in a tissue specific manner. Distinguishing between these
possibilities will be of great interest and importance to the FA scientific community. A
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number of compelling hypotheses have been put forth, with an excellent recent review
describing the general importance of “fields” in HNSCC. Field cancerization involves the
existence of geographic areas within the mucosa from which tumors tend to arise [119, 150,
151]. Cells within the fields tend to share a specific set of chromosomal translocations and
thus an increased risk for transformation. Leemans et al. supported a patch-field-tumor-
metastasis progression model for sporadic HNSCCs; given the tendency for chromosomal
instability in FA, it is conceivable that individuals with FA might harbor a greater number of
fields for greater tumor initiation. This hypothesis remains to be tested, and it is equally
possible that FA loss stimulates tumor growth and progression subsequent to or in addition
to initiation [119].

Published work suggests that the development of leukemia in an individual with FA is
likely, at least in part, a result of clonal evolution. FA hematopoietic stem cells (HSCs),
unlike normal stem cells, are hypersensitive to apoptosis-inducing cytokines such as tumor
necrosis factor-alpha (TNF-alpha). Exposure to these cytokines reduces the number of FA
HSCs by increasing the rate of apoptosis in these cells. These events lead to rapid bone
marrow failure with decreased production of all differentiated cell types. FA HSCs adapt to
this hostile environment through the development of mutations, which confer resistance to
TNF-alpha but retain the characteristic sensitivity to crosslinkers. This evolutionary event
was demonstrated via long term, low dose exposure of FANCC murine stem cells to TNF-
alpha, followed by transplantation into congenic, lethally irradiated mice. Mice transplanted
with TNF-alpha resistant Fancc−/−, but not Fancc-complemented cells developed leukemia.
Based on the data, Li et al. proposed that selection for TNF-alpha resistant cells in an
environment of genome instability allows for the rapid evolution of pre-leukemic clones
[152]. In a recent review, Meyer et al. thus stress the importance of reducing the selection
pressure in FA patients in order to decrease the transformation of FA hematopoietic cells
towards leukemia [153].

Unlike the strong selection of FA normal to pre-leukemic and leukemic cells, the
transformation of FA to squamous cell carcinoma may be a more active process. FA SCC
patients have a high propensity for developing carcinomas in the oral cavity. Over 60% of
FA patient tumors occur in this anatomical region, frequently in the absence of common risk
factors like smoking and alcohol use [129]. The elevated incidence of head and neck and
anogenital SCC in FA patients, as well as the unusual location of the tumors, has led some to
hypothesize that the onset of HNSCC in FA patients may be the result of a “double-hit”,
meaning that the inherent genomic instability may cooperate with an unknown
environmental factor. It is equally possible that genetic instability is particularly
transforming in these anatomical areas and specific cells therein.

In recent years, human papillomavirus (HPV) infection has been recognized as a risk factor
in the development of HNSCC in the general population [154–157]. Interestingly, the
frequency of HPV-positive HNSCC is increasing in the United States, while the frequency
of HPV-negative HNSCC is declining [158]. In the general population, such tumors often
share high risk HPV and expression of the viral E6/E7 oncogenes [159, 160]. The role of
HPV in FA HNSCC carcinogenesis remains unclear. Dutch samples did not harbor HPV
[127], but work by Kutler et al suggested HPV is present in a majority of primary tumors in
the United States [126]. Furthermore, a recent report from Brazil demonstrated increased
prevalence of HPV in oral rinses from individuals with FA without lesions when compared
to controls, supporting the argument that HPV infection might precede tumor development
[125].

Over 30 HPV types cause lesions of the anogenital tract and are subgrouped into high and
low risk HPVs depending upon their association with malignant versus benign tumors. By
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far the most commonly detected anogenital HPV type is HPV16, followed by HPV18 and
HPV31 [161]. Their oncogenic potential is reflected in vitro by the ability of high risk, but
not low risk, HPV genomic DNA to immortalize primary human keratinocytes [162–165].
When grown under differentiating conditions such as in organotypic epithelial rafts, high
risk HPV E6/E7 expressing keratinocytes display abnormalities reminiscent of precancerous
lesions [166].

HPV-driven carcinogenesis is initiated and maintained by the oncogenic actions of two
proteins, E6 and E7, which bind and inhibit p53 and retinoblastoma (Rb) family members,
and many other cellular proteins, respectively. The inactivation of these key players
stimulates survival and proliferation in infected cells [161, 167, 168]. E7 is considered the
predominant oncogene as it can immortalize keratinocytes in the absence of a cooperating
oncogene, and stimulates head and neck as well as cervical cancer development in
transgenic mouse models [169]. E7 drives differentiating keratinocytes into a proliferative
state, and is required for viral genome maintenance and amplification [170, 171].

In human cancer cell lines derived from sporadic tumors, E7 protein levels are controlled by
ubiquitin mediated proteasome degradation. Both Rb and E7 are regulated by the ubiquitin
proteasome pathway in HPV-containing cervical tumor cells, and several candidate cellular
regulators have already been described in vitro [172–175].

Signaling pathways that modify E7 abundance, however, and their effects on the viral life
cycle and SCC development are poorly understood. Since p53 and Rb inactivation through
mutation is also almost universally observed during the development of HPV-negative solid
tumors in humans [176], HPV mediated cellular immortalization and transformation has
been viewed as a model system for both HPV-related and -unrelated SCC. Previous findings
have demonstrated that FA loss stimulates, and that FA correction inhibits, cellular
proliferation and hyperplasia in differentiated epidermis expressing either the HPV18 E6/E7
oncogenes or full-length HPV16 viral genomes. Importantly, proliferative differences were
not observed under standard culture conditions, indicating that differentiation-specific cell
cycle checkpoints are controlled by functional FA pathways [87]. Recent evidence from our
laboratory suggests specific molecular links between the FA pathway and HPV E7: First,
acute FANCA or FANCD2 knockdown in E7-transduced human keratinocytes dramatically
increased E7 protein but not message levels. This upregulation is likely due to protein
stabilization, and may be biologically important since exogenous E7 expression stimulated
HPV-induced hyperplasia in FA proficient epidermis. Second, FA knockdown increased
cellular proliferation and viral genome copy number in HPV16 and HPV31 positive
organotypic epithelial rafts. Hyperplasia was specific to HPV positive keratinocyte at least
in one particular isogenic cell system, and was not observed in the corresponding
immortalized HPV negative cell line. Based on these data, the overarching hypothesis is that
FA loss cooperates with HPV oncogene activities to stimulate SCC phenotypes in human
epidermis, and that this process involves, at least in part, increased E7 oncoprotein
abundance [87, 177]. Whether the same cellular proteins, which mediate FA-controlled E7
regulation in the HPV positive environment, also stimulate tumor phenotypes in the HPV
negative tumor environment under certain circumstances will require elucidation of the
underlying molecular mechanism(s). This is particularly important in view of the fact that
the etiology of FA HNSCCs remains unclear.

Disease biomarker discovery for FA-associated HNSCC
Individuals with sporadic HNSCC frequently present at advanced disease stages, which is a
direct result of inferior diagnostic approaches, and necessitates aggressive chemo- and/or
radiation therapy [178]. The downside of this scenario in FA patients diagnosed with
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HNSCC is that these therapeutic methods typically lead to extreme toxicity and sometimes
death [129, 132, 133]. To add to the complexity of the situation, in over 20% of FA patients
diagnosed with a solid tumor, a diagnosis of FA was not made until after the cancer was
detected, and thus treatment toxicity is not easily predictable [99]. Therefore, there is an
urgent need for improved, early diagnosis of HNSCC in this patient population, but also for
a diagnosis of FA prior to the development and treatment of cancer. Although HNSCC solid
tumors in FA patients may be treatable in the future with the advancement of molecularly
targeted therapies, cancer prevention in this patient population should be the primary goal.

The predominant research focus to identify markers of sporadic HNSCCs has been largely
restricted to global genome and proteome analyses [179]. Zimmermann et al. discuss
genomic analysis with regards to biomarkers for oral cancers in great detail, and propose
that transcriptomics will prove to be a beneficial method for biomarker identification [180].
A specific type of genomic analysis, metagenomics, has emerged in the study of oral
diseases [181]. This technique isolates nucleic acids and performs unprejudiced DNA
sequencing to categorize viruses and microorganisms present in a particular sample. This
approach was utilized to characterize the normal flora present in the oral cavity of healthy
persons and the data obtained revealed a connection between oral health and specific types
of bacteria present within the oral cavity [182].

Burbelo et al. describe multiple diagnostic tools including proteomics, and emphasize the
promise and potential of this technique to diagnose head and neck cancers [183]. Mass
spectrometry has previously been used to study changes in salivary levels of numerous
proteins such as M2BP, MRP14, and CD59 [184], and these potential markers could be
validated by immunoassays [184]. With a focus on detecting head and neck cancer at an
early stage in the disease process using a semi-invasive collection and analysis method,
Remmerbach et al. advanced the field further by introducing proteome/peptidome analysis
of brush biopsies from OSCC patients and matched controls. Indeed, Matrix-assisted laser
desorption/ionization-time of flight-mass spectrometry (MALDI-TOF-MS) analysis could
differentiate OSCC patients from healthy controls with high specificity and sensitivity.
However, further optimization of this method is needed to establish its practicality in
detecting early stages of OSCC in a clinical setting by taking into account numerous factors
including time and cost [185]. The above-mentioned “omics” techniques have identified
several potential biomarkers of head and neck cancer. Although these techniques are highly
powerful methods, it is important to note that the combined information from these
approaches still predict only a portion of the complexity of OSCCs, and additional
techniques used in conjunction with the aforementioned approaches will likely be beneficial.

In addition to genomics and proteomics, the area of cancer research could benefit from the
coupling of these practices with additional “omic” biomarker discovery approaches. The
results obtained from these “omic” methods may not fully correlate to one another in the
sense that the regulation of certain genes does not always result in abundance in the
corresponding proteins. This is not surprising, since the production of a protein may occur
some time after its gene is transcriptionally activated. This caveat placed on the field of
transcriptomics/genomics may lead researchers to place more emphasis on the protein
expression levels within a given system. Proteins provide an excellent reflection of the
biological processes that take place at a defined time in a certain system, and metabonomics
is the next most accurate technology for observing the intermediates and final products
relating to both gene transcription and protein regulation.

Metabonomics was first defined as “the quantitative measurements of the multiparametric
metabolic response of a living system to pathophysiological stimuli or genetic
modifications” [186]. The technique has been minimally utilized thus far in cancer biology;
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however, it has shown to be a potentially useful tool in the area of biomarker identification
in disease [187–189]. Metabonomics is the study of an organism’s metabolome, which
makes this a powerful “omics” technique because the metabolome is downstream of both the
genome and proteome and is complementary to other “omic” methods [186, 190].
Metabonomics has been employed in drug surveillance as well as disease diagnosis,
identification of changes in metabolites associated with cell apoptosis, cancer cell growth,
proliferation rates and metabolic effects related to the Warburg hypothesis of modified
energy production [190–193]. The main goal of metabonomics research in HNSCC should
be to understand normal metabolic function in epidermal compartments and to define how
changes in this metabolic fingerprint can function as early diagnostic tools [194, 195].
Defining changes in the metabolome related to disease onset and progression in the FA
HNSCC will provide significant information about regulatory pathways in cancer in general,
and should drive the identification of novel cancer biomarkers and therapeutic targets in FA.
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Figure 1. A schematic model for the FA/BRCA pathway
FANCM (blue) with the help of MHF1/2 (dark grey) and FAAP24 (light grey) recruit a
large multi-subunit ubiquitin E3 ligase, termed the FA core complex (blue), to sites of DNA
damage. The core complex then mono-ubiquitinates FANCD2 and FANCI, mono-
ubiquitinated FANCD2-FANCI (green) are recruited to sites of damage by FANCJ (yellow)
and BRCA1 (yellow). These FA proteins colocalize with downstream FA proteins (RAD51,
FANCN, FANCD1/BRCA2) (yellow), and facilitate DNA interstrand cross-link repair.
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