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Abstract

Fanconi anemia (FA) and dyskeratosis congenita (DC) are
rare inherited syndromes that cause head and neck squa-
mous cell cancer (HNSCC). Prior studies of inherited forms of
cancer have been extremely important in elucidating tumor
suppressor genes inactivated in sporadic tumors. Here, we
studied whether sporadic tumors have epigenetic silencing
of the genes causing the inherited forms of HNSCC. Using
bisulfite sequencing, we investigated the incidence of pro-
moter hypermethylation of the 17 Fanconi- and DC-asso-
ciated genes in sporadic HNSCC. Genes that only showed
methylation in the tumor patients were chosen for quantita-
tive methylation-specific PCR (QMSP) in a set of 45 tumor and
16 normal patients. Three gene promoters showed differ-
ences in methylation: FancB (FAAP95, FA core complex),
FancJ (BRIP1, DNA Helicase/ATPase), and DKC1 (dyskeratin).
Bisulfite sequencing revealed that only FancB and DKC1
showed no methylation in normal patients, yet the presence
of promoter hypermethylation in tumor patients. On qMSP,
1/16 (6.25%) of the normal mucosal samples from non-can-
cer patients and 14/45 (31.1%) of the tumor patients demon-

strated hypermethylation of the FancB locus (p <0.05). These
results suggest that inactivation of FancB may play a role in
the pathogenesis of sporadic HNSCC.

Copyright © 2010 S. Karger AG, Basel

Introduction

Head and Neck Squamous Cell Carcinoma (HNSCC)
is the fifth most common cancer, and more than 500,000
cases annually are diagnosed worldwide. Exposure to to-
bacco and alcohol are the most strongly associated clini-
cal factors for the development of sporadic disease. Many
of the genetic and epigenetic changes causing sporadic
head and neck cancer, including p53, VEGF, and cyclin
D1 [1], have been described; however, much remains to be
learned. Head and neck cancer continues to be seen as a
clonal progression of genetic and epigenetic changes
yielding a cancer phenotype [2]. Previous work on inher-
ited forms of cancer susceptibility have led to under-
standing of the sporadic forms of disease; limited exam-
ples include p53 (Li-Fraumeni syndrome) [3] and APC
(familial adenomatous polyposis) [4]. Inactivation, as
proposed by Knudsen’s two-hit hypothesis, has been ex-
panded to include epigenetic mechanisms - including
promoter methylation.
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In head and neck cancer, 2 syndromes (both with doc-
umented genetic alterations) exist: Fanconi anemia (FA)
and dyskeratosis congenita (DC). Both are inherited syn-
dromes that cause bone marrow failure, and are associ-
ated with early development of HNSCC in the absence
of tobacco and alcohol exposure. FA is a rare autosomal
recessive disorder characterized by progressive pancyto-
penia, requiring bone marrow transplant, and associated
congenital abnormalities, such as microcephaly, short
stature, skeletal, cardiac, and renal malformations. Mor-
tality is associated with bone marrow failure and leuke-
mia in the first 2 decades of life, with the majority of
deaths occurring within 5 years after the onset of anemia
[5, 6]. The disease is caused by mutations within a variety
of genes associated with the FA pathway. Many genes
have been linked in the pathogenesis of FA, and at least
12 genes, including a 9-gene FA nuclear core complex
with associated downstream proteins, all function to pro-
mote genetic stability via repair of DNA following dam-
age [7]. Germline mutations of these genes are associated
with dysregulation of cell cycle and apoptosis [8, 9] and
chromosomal instability [8]. It has been postulated that
disruption of the FA complex and associated pathways
are associated with chromosomal and telomere instabil-
ity characterized by impaired DNA repair and suscepti-
bility to double-strand DNA breaks leading to the inacti-
vation of tumor suppressor genes and activation of onco-
genes [10]. The exact mechanisms by which mutation of
the FA protein pathway promotes carcinogenesis are be-
ing actively investigated.

FA patients, if they survive past bone marrow failure,
have an extremely high rate of premalignant leukoplakia
of the oral mucosa [11]. Most lesions arise from the upper
aerodigestive tract in areas of mucosal or mucocutaneous
squamous epithelium. Patients with FA have a HNSCC
incidence 700 times greater than the general population
[12], and tend to develop the disease at a younger age
(13].

DC is also a rare inherited bone marrow failure disor-
der with a triad of lacey reticular pigmentation of the
skin, nail dystrophy, and mucosal leukoplakia [14]. Like
FA, mortality is associated with bone marrow failure,
which happens in 90% of DC patients, mostly in the first
decade of life [15]. X-linked recessive, autosomal domi-
nant, and autosomal recessive forms of the disorder have
been identified clinically, with 75% of cases attributable
to the X-linked recessive form [15]. DC appears to be a
disorder of telomere maintenance, with gene products of
both the XLR (DKCI) and AD (TERC) forms associated
with the telomerase complex, and a characteristic short
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telomere phenotype in all patients with DC [16]. There
are multiple mutations in the DKCI and TERC genes as-
sociated with DC, which lead to heterogenic presenta-
tions of varying phenotypic severity [17]. The exact mech-
anisms by which dysfunction of the DKCI and TERC
gene products contribute to carcinogenesis in DC pa-
tients is poorly understood. Recent studies have demon-
strated the role of the mutant DKCI gene in alterations of
messenger RNA transcription [18]. DKCI resides on the
end of the X chromosome in an area surrounded by mem-
bers of the cancer-testis gene family, whose expression is
controlled by imprinting (methylation silencing) [19].

Oral leukoplakia is present in 70-80% of DC patients
with almost uniform involvement of the dorsum of the
tongue [20]. These patients are at high risk for the devel-
opment of squamous cell carcinoma from these lesions
[21]. Due to the rarity of DC (1:1,000,000 individuals),
quantification of the cancer risk is difficult, but reports
have shown 9% of male patients develop malignancies
[22] and multiple case reports have demonstrated the as-
sociation of DC with oral cancer [23-31].

Transcriptional inactivation of tumor suppressor
genes by methylation of CpG islands is well described in
HNSCC [32-36]. By far the most studied has been pro-
moter hypermethylation of tumor suppressor genes, in-
cluding: Cyclin A1, MGMT, DCC, and p16 [37]. Methyla-
tion of cytosine-guanine dinucleotides by the enzyme
class of DNA methyltransferases transfers a methyl group
from S-adenosyl-methionine, and is associated with gene
silencing [38]. In this study, we examine the presence of
promoter hypermethylation as a means of tumor sup-
pressor gene silencing in head and neck cancer.

One fascinating study implicated methylation of the
Fanconi pathway in the pathogenesis of ovarian cancer
and the presence of cisplatin resistance. D’Andrea [39]
found FANCEF to be transcriptionally silenced in sporad-
ic ovarian tumors by methylation, and more importantly
this was correlated with cisplatin sensitivity. Restoration
of this pathway was found to be associated with demeth-
ylation of FANCE, leading to acquired cisplatinum resis-
tance. This was followed up by work in advanced-stage
invasive cervical cancer indicating that the FANCF gene
is disrupted by either promoter hypermethylation and/or
deregulated gene expression in the majority of cervical
cancers, and that cervical cancer cell lines also exhibit a
chromosomal hypersensitivity phenotype after exposure
to an alkylating agent, a characteristic of FA patients [40].
Indeed, some researchers have already looked at the
methylation status of sporadic head and neck cancer. In
that study, they investigated epigenetic alterations in a
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limited part of the FANC-BRCA pathway in HNSCC and
non-small-cell lung cancers using methylation-specific
PCR (MSP), and found that promoter methylation of
FANCEF occurred in 15% (13/89) of HNSCCs [41]. This
study, while extremely promising, acknowledges that FA
can be caused by inactivation in any of the 12 genes in-
volved in the complex or downstream, but just looked at
FANCEF and did not consider genes causing DC.

Materials and Methods

Histopathology

Samples were taken from surgical specimens of patients with
head and neck cancer and biopsies from normal mucosa (taken
from uvulopalatopharyngoplasty procedures for sleep apnea)
treated at the Johns Hopkins Hospital between 1998 and 2005.
Samples were collected in an IRB-approved protocol. All samples
were analyzed in the Pathology Department at Johns Hopkins
Hospital. Normal samples were microdissected, and DNA was
prepared from the mucosa. Tumor samples were confirmed to be
head and neck squamous, and were subsequently microdissected
to separate the tumor from the stromal elements.

DNA Extraction

Samples were centrifuged and digested in a solution of deter-
gent (sodium dodecylsulfate) and proteinase K, for the removal of
proteins bound to the DNA. Samples were first purified and de-
salted with phenol/chloroform extraction. The digested sample
was subjected to ethanol precipitation, twice, and subsequently
resuspended in 50 pl LoTE (EDTA 2.5 mM and Tris-HCI 10 mM)
and stored at -80°C.

Bisulfite Treatment

DNA from salivary rinses was subjected to bisulfite treatment,
as described previously [42]. In short, 2 g genomic DNA was de-
natured in 0.2 M NaOH for 30 min at 50°C. This denatured DNA
was then diluted into 500 pl of a solution of 10 mM hydroquinone
and 3 M sodium bisulfite. This was incubated for 3 h at 70°C. Af-
terwards, the DNA sample was purified with a Sepharose column
(Wizard DNA Clean-Up System; Promega, Madison, Wisc., USA).
Eluted DNA was treated with 0.3 M NaOH for 10 min at room
temperature, and precipitated with ethanol. This bisulfite-modi-
fied DNA was subsequently resuspended in 120 ]l LoTE (EDTA
2.5 mM and Tris-HCI 10 mM) and stored at -80°C.

Bisulfite Sequencing

Sequencing reactions were conducted with initial PCR of the
gene promoter of interest, utilizing 20 ng of bisulfite-treated
DNA. Primers (available upon request) were designed using
MethPrimer (www.urogene.org/methprimer) in areas without
CpG islands. Reactions were conducted in 25 pl total volume,
with template DNA, forward and reverse primers (0.5 nM each),
0.5 pl Platinum Taq (Invitrogen), 10% DMSO, 200 wM each of
DNTPs, 16.6 mM ammonium sulfate, 67 mM Trizma (Sigma, St
Louis, Mo., USA); 6.7 mM MgCl,, and 10 mM mercaptoethanol.
Products were run on to test specific product amplification, gel
bands at predicted lengths were cut under UV light, and bands
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Table 1. Genes bisulfite-sequenced in this study

Genes linked to inherited HNSCC Chromo- CpG
somal is-
location land

FANCA - FA core complex 16q24.3 yes

FANCB (FAAP95) - FA core complex Xp22.31 yes

FANCC - FA core complex,

cytoplasmic functions 9q22.3 yes
FANCDI1/BRCA2 - RAD51 recruitment 13q12-13  yes
FANCD?2 - Monoubiquitinated 3p25.3 yes
FANCE - FA core complex, direct binding 6p21-22  yes
FANCEF - FA core complex 11p15 yes
FANCG/XRCC9 - FA core complex 9pl13 yes
FancI - not identified, rare ? NA
FANCJ/BACHI1/BRIP1 - DNA

helicase/ATPase, binding to BRCA1 17q22-q24 yes
FANCL/PHF9/POG (FAAP43) -

FA core complex, ubiquitin ligase 2pl6.1 yes
FANCM/Hef (FAAP250) -

FA core complex, ATPase 14q21.3 yes
RAD51 15q15.1 no
ATM 11q22.3 yes
NBS1 8q21.3 yes
DKCl1 Xq28 yes
TERC 3q26.2 yes

were extracted using the QIAquick Gel Extraction Kit (Qiagen,
Valencia, Calif., USA) per protocol. Products were tested for ad-
equate concentration, and sequenced by cycle sequencing (Ap-
plied Biosystems, Norwalk, Conn., USA) using big dye termina-
tor.

Methylation Analysis and Quantitative MSP

The bisulfite-modified DNA was used as a template for fluo-
rescence-based real-time PCR, as described previously [43]. Prim-
ers and probes were designed to amplify the bisulfite-converted
promoters of DKCI, FANCB. All probes had 5" FAM and 3’
TAMRA moieties. The ratios between the values of the gene of
interest and B-actin, an internal reference gene, were obtained
by quantitative MSP (QMSP) analysis, and were used as a measure
for representing the relative level of methylation in a particular
sample. Fluorogenic PCRs were carried out in a 20-pl reaction
volume consisting of 600 nM of each primer, 200 nM probe,
0.75 U Platinum Taq DNA polymerase (Invitrogen, Carlsbad, Ca-
lif. USA), 200 M each of DNTPs, 16.6 mM ammonium sulfate,
67 mM Trizma (Sigma), 6.7 mM MgCl, (2.5 mM for pI6), 10 mM
mercaptoethanol, and 0.1% dimethylsulfoxide. Three microliters
of treated DNA solution were used in each gMSP reaction. Reac-
tions were carried out in 384-well plates in an ABI 7900 real-time
PCR system (Perkin-Elmer Applied Biosystems, Norwalk, Conn.,
USA). Each plate consisted of triplicate patient samples, as well as
positive and negative controls. Reaction conditions consisted of
an initial denaturation for 2 min at 95°C, followed by cycles of
denaturation for 15 s at 95°C, and annealing for 1 min at 60°C.
Leukocytes from a healthy individual were methylated in vitro
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with SssI methyltransferase (New England Biolabs Inc, Beverly,
Mass., USA) to generate completely methylated DNA, and serial
dilutions of this DNA were used for constructing the calibration
curves on each plate.

Statistical Analysis

Statistical analyses were performed using Stata 9.0 (Statacorp
LP; College Station, Tex., USA), and p values were calculated us-
ing Pearson’s x? test. If the observed frequencies were below 5,
then Fisher’s exact correlation was performed. All statistical tests
were two-sided. All differences were considered statistically sig-
nificant when p < 0.05.

Results

Bisulfite Sequencing
Ten tumor and 10 normal samples were bisulfite-se-
quenced at each of the gene promoters listed in table 1.

Inactivation of the Tumor Suppressor
Genes via Promoter Hypermethylation

Results from FANCB and DKCI only are shown in fig-
ure 1. Four of 10 tumors (40%) showed some degree of
promoter methylation in HSNCC without evidence of
promoter methylation in normal samples (0/10). In DKCI,
20% (2/10) of the tumors tested showed promoter hyper-
methylation, which was again absent in normal samples
(0/10). There was no overlap in the samples demonstrating
promoter hypermethylation of the DKCI or FANCB loci.
Every other gene, including FANCA, FANCB, FANCC,
FANCDI/BRCA2, FANCD2, FANCE, FANCF, FANCG,
FANC]J/BRIP1, FANCL/PHF9/POG, FANCM, RADS5I,
ATM, and NBSI, were all bisulfite-sequenced on sporad-
ic tumors and normal tissues, and did not show promot-
er hypermethylation specific to tumors. Bisulfite se-
quencing was used to screen possible gene targets for sub-
sequent studies evaluating promoter methylation status.
In this study, methylation was not detected in FANCA,
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Fig. 2. Using qMSP, the FancB promoter
was shown to be hypermethylated in HN-
SCC patients: 14/45 (31.1%) of the tumor
patients demonstrated hypermethylation
of the FANCB locus compared to 1/16
(6.25%) of the normal patients (x% p <
0.05).

Fig. 3. The DKCI promoter demonstrates
increased methylation in HNSCC patients
on qMSP [8/45 (17.8%) compared to 2/16
(12.5%) of the normal patients].

Table 2. Demographics of study patients
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Normals Tumors Normals Tumors

Head and neck
cancer (n = 45)

Normal patients
(n=16)

Median age, years (range) 56 (39-78) 41 (20-76)

Sex Male 35 (78) 11 (69)
Female 10 (22) 5(31)

Race Caucasian 34 (76) 15 (94)
Black 6 (13) 1(6.3)
Other 5(11) 0(0)

Smoking Never 14 (31) 10 (63)

status Former 18 (40) 3(19)
Current 13 (29) 3(19)

Stage I 4(8.9) -

1l 5(11) -
11 6 (13) -
v 30 (67) -

Site Nose/sinus 1(2.2) -
Oral cavity 12 (27) -
Oropharynx 21 (47) -
Hypopharynx 2(44) -
Larynx 4(8.9) -
Neck/other 5(11) -

Figures in parentheses are percentages.
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FANCC, FANCDI/BRCA2, FANCD2, FANCE, FANCF,
FANCG, FANCL/PHF9/POG, FANCM, RAD51, ATM, or
NBS1 with bisulfite sequencing (data not shown).

Quantitative Methylation-Specific PCR

The demographics of the 2 groups of patients studied
by qMSP are shown in table 2. The normal patients had a
slightly lower median age (41 years; 20-76 years) com-
pared to HNSCC patients (56 years; 39-78 years). Two
genes, DKCI and FANCB, showed promising differences
in promoter methylation between tumors and normal
tissues. Figure 2 shows the qMSP differences in promoter
methylation of the FANCB locus. On gMSP, 14/45 (31.1%)
of the tumor patients compared to 1/16 (6.25%) of the
normal patients demonstrated hypermethylation of the
FANCB locus. This difference was significant and associ-
ated with a value of p < 0.05 (x?).

In gMSP from DKCI, 8/45 (17.8%) of the tumor pa-
tients and 2/16 (12.5%) of the normal patients showed
promoter hypermethylation and inactivation of the DKCI
locus (fig. 3); however, the p value was not significant.

Discussion
FA and DC are cancer susceptibly syndromes with

many well-characterized genetic mutations. The inacti-
vation of these targets in sporadic head and neck cancer
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has not been well studied. To date, no studies looking at
mutational inactivation of all of these targets (except
BRCA?2) have taken place. Other studies have implicated
these FA and DC targets for silencing via loss of hetero-
zygosity, and the most comprehensive high-definition
comparative genomic hybridization study conducted on
oral squamous cell carcinoma [44] found only 21 targets
that were most commonly deleted in head and neck can-
cer, 2 of which were part of these inherited syndromes
(FANCDI on 13q13.3, 38% of tumors, and FANCD2 on
3p25.3, 33% of tumors - clearly implicating these genes
as areas silenced in sporadic head and neck cancers). Epi-
genetic inactivation has been increasingly studied in can-
cer pathogenesis for many reasons, which include: heri-
tability, the ability for it to be switched off/on, and its
usability in screening studies that take advantage of the
stability of DNA in body fluids. We hypothesized that
epigenetic inactivation (promoter hypermethylation) was
a cause of inactivation of the tumor suppressor genes as-
sociated with FA and DC.

To test this hypothesis, we employed bisulfite sequenc-
ing of sporadic tumors versus normal controls and qMSP
of the genes responsible for FA and DC. We were able to
demonstrate promoter methylation specific to tumors in
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