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ABSTRACT
Background: Head and neck squamous cell carcinoma (HNSCC) ranks as the sixth most frequent malignancy
worldwide. High levels of nitric oxide (NO) has been identified in many types of human cancers including HNSCC.
In this study, we investigated the effect of NO on promoter DNA methylation in cell lines of HNSCC.

Materials and Methods: The methylation status of the promoters of E-cadherin, RASSFIA and MGMT were
analyzed in the parent and high nitric oxide (HNO) adapted cell lines of HNSCC using Illumina MiSequencing.

Results: We detected difference in promoter methylation levels of MGMT between the parent and HNO adapted
cell lines (p<0,0001). However, treatment of the cell lines with NO did not significantly change methylation of

E-cadherin and MGMT.

Conclusion: Our results suggest that NO may have diverse actions on DNA methylation. Further studies are
required to clearly understand the role of NO in epigenetic alterations of HNSCC.

Keywords
DNA methylation, Epigenetics, Head and neck cancer, Nitric
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Introduction

Head and neck squamous cell carcinoma (HNSCC) encompasses
tumors arising from multiple sites in the head and neck regions
(nasopharynx, oral cavity, oropharynx, larynx, and pharynx) and
currently ranks as the sixth most frequent malignancy worldwide
[1,2]. Tobacco smoking, alcohol abuse and HPV infections are
important risk factors for HNSCC [3,4]. The components of
tobacco have been shown to generate reactive oxygen species
(ROS) and reactive nitrogen species (RNS) that may lead to lipid
peroxidation and increased nitric oxide (NO) products [4,5]. It
has been also suggested that stimulation of NO production by
ethanol intake plays an important role in the development of
head and neck cancers [4]. NO is produced by three isoforms of
nitric oxide synthase (NOS); neuronal NOS (nNOS), endothelial
NOS (eNOS) and inducible NOS (iNOS) [6-9]. It serves as a key

signaling molecule in various physiological processes including
vasodilation, central and peripheral neurotransmission, hormone
secretion, inhibition of platelet aggregation, and mediation
of immune response [5]. However, high levels of NO and/or
expression of NOS has been identified in many types of human
cancers as well as HNSCC [5,10]. NO is reported to stimulate
DNA damage which results in tumor development by inducing
mutations in protooncogenes and tumor suppressor genes [5]. In
contrast to tumor promoting effects, NO has also been suggested
to have antitumoral effects by inhibiting the cell proliferation,
migration and apoptosis in various human cancers [4,10]. We have
developed a laboratory model system to study the role of NO on
various cancers [5,9,11-16].

Epigenetic modifications as well as genetic changes are
responsible for the tumor development and progression in
HNSCC [17,18]. DNA methylation is one such epigenetic event
that transfers a methyl group to the C-5 position of the cytosine
ring of DNA. Methylation is mainly regulated by enzymes
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called DNA methyltransferases (DNMTs) [1]. Aberrant DNA
methylation of promoter CpG islands of some tumor suppressor
genes is associated with decreased transcriptional activity in
various types of cancers including HNSCC [17,18]. Many tumor
suppressor genes have been indicated to be epigenetically silenced
by promoter DNA hypermethylation in HNSCC and these genes
are mostly responsible for regulating cell proliferation, DNA
repair, apoptosis, tissue invasion and metastasis [19-24]. NO
has been reported to be involved in DNA methylation as well as
other epigenetic mechanisms such as histone modifications and
microRNAs in normal and tumor tissues [25,26]. However, to our
knowledge, NO has never been investigated regarding its possible
involvement in promoter DNA methylation in HNSCC.

Given the diverse effects of NO in human cancers, understanding
different actions of NO at the molecular level by epigenetic
mechanisms could help obtaining NO based diagnostic or
prognostic markers and lead to development of new strategies for
the effective treatment of HNSCC. Thus, in this study, we aimed
to investigate the effect of NO on DNA methylation in HNSCC by
using a model cell line system developed in our laboratory. In the
model system, cell lines of HNSCC, as well as other tumor cell
lines, were adapted to high concentrations of NO over a period
of months, and resultant high NO (HNO) adapted cell lines were
observed to grow faster and more aggressively than each respective
parent (untreated with NO) cell line [5]. By utilizing these cell
lines, we analyzed and compared promoter methylation levels
of tumor suppressor genes of Epithelial cadherin (E-cadherin or
CDHI1), Ras-Association Domain Family 1A (RASSF1A) and
0-6-Methylguanine-DNA Methyltransferase (MGMT) between
parent and HNO adapted HNSCC cell lines.

Materials and Methods

Cell lines and cell adaptation

All media and supplements were purchased from Invitrogen
Corporation (Carlsbad, CA, USA). Both parent and HNO cell lines
were maintained in MEM media supplemented with 10% fetal calf
serum inactivated at 56°C for 30 min, 100 U/mL penicillin,100
ug/mL streptomycin, 2 mM L-glutamine, 2.5 pg/mL amphotericin
B solution, 100 mM MEM nonessential amino acids, and 1 mM
sodium pyruvate (Mediatech, Inc, Manassas, VA, USA). The five
HNSCC cell lines (three originating from the tongue: SCCO16,
SCC040, and SCCO056; one from the floor of mouth: SCC114; and
one from the alveolar ridge: SCC116) were used for adaptation to
the high concentrations of nitric oxide by NO donor called (Z)-1-
[2-(2-aminoethyl)-N-(2-ammonioethyl) amino]diazen-1-ium-1,2-
diolate (DETA-NONOate), (Sigma-Aldrich Corp., St. Louis, MO,
USA). DETA-NONOate was chosen as the NO donor because of
its high level of free radical donation (two moles of NO per mole
of DETANONOate) and relatively long half-life (approximately
24 hrs at 37°C and pH 7.4). Each parent cell line was adapted
to a high NO environment as previously described (Yarmolyuk et
al., 2011). To summarize, the parent cells were treated with 50
uM DETA-NONOate, and then the concentration of donor was
increased at 25 pM increments up to a point which was lethal to
each parent cell line (a concentration of 600 uM). These HNO-

adapted cell lines are termed SCCO16-HNO, SCC040-HNO,
SCC056-HNO, SCC114-HNO and SCC116-HNO, respectively.

Isolation and Sodium Bisulfite Modification of Genomic DNA
Qiagen Blood and Cell Culture DNA kit (Qiagen, Inc.,Valencia,
VA) was used to extract genomic DNA (gDNA) from cultured
HNSCC cell lines. Isolated genomic DNA samples were undergone
bisulfite deamination reaction using Qiagen EpiTect Bisulfite kit
(Qiagen, CA, USA) according to manufacturer’s instructions.
Briefly, 500 ng of DNA was used from each sample. Required
amount of DNA in uL were mixed with 85 pL of bisulfite mix
solution and 35 pL of DNA preservation buffer in 200 pL of the
PCR tubes. Samples were then incubated in the thermal cycler
device (BioRad, USA) for 5 hours and in changing temperatures
(95°C -5 min, 60°C -25 min, 95°C -5 min, 60°C -85 min, 95°C
-5 min, 60°C -175 min, respectively). Samples were transferred
to the Epitect spin columns after incubation, and related buffers
were added and centrifuged accordingly. Finally, bisulfite treated
DNA samples were purified in 20 pL of elution buffer. One pL
of bisulfite-converted gDNA solution was generally used in
subsequent PCR reactions.

PCR Amplification and Sequencing of E-cadherin, RASSF1A
and MGMT

PCR reactions were conducted using Qiagen HotStarTaq
DNA polymerase (BioRad, USA) and supplied 1X PCR buffer
supplemented with 0,1 mmol/L dNTPs, 2,5 mmol/L MgCI2, and
0,5 umol/L each of forward and reverse primers and bisulfite-
converted gDNA. The thermal cycler (BioRad, USA) was set
up for initial activation step for 15 min at 95°C, and followed
by 45 cycling steps of 94°C-30 sec, optimized primer-specific
annealing temperature °C-30 sec, and 72°C-30 sec. PCR reaction
was completed after the final elongation step applied at 72°C
for10 min. Following thermocycling, PCR products were loaded
10% polyacrylamide gels and visualized using ethidium bromide.
Human placental genomic DNA (Biochain Institute, Hayward, CA)
was used as positive and negative control. This gDNA was either
methylated in vitro with SssI methylase (NEB, Ipswich, MA) or
not methylated prior to bisulfite conversion as outlined previously
[27]. Samples were then prepared for sequencing by ligation of
barcoded sequencing adapters using a PrepX kit implemented on an
Apollo 324 robotic system (IntegenX Inc., Pleasanton, CA, USA).
Barcoded adapters were NEXTflex 6nt barcodes (Bio Scientific).
Sequencing was performed on an Illumina MiSeq instrument,
employing V3 chemistry (600 cycles). Library preparation and
pooling of samples was performed by the University of Illinois
at Chicago Sequencing Core. Sequencing was performed at the
W.M. Keck Center for Comparative and Functional Genomics at
the University of Illinois at Urbana-Champaign (UIUC).

Wilcoxon matched-pairs signed rank test was applied to compare
the methylation differences between the parent and HNO-adapted
cell lines.

Results
In order to obtain a better insight into the role of NO on promoter
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DNA methylation in HNSCC, we first performed a comprehensive
literature search regarding epigenetics of HNSCC and choose 3
tumor suppressor genes for our study. These genes (E-cadherin,
RASSF1A and MGMT) have been shown to be subjected to
epigenetic silencing via DNA hypermethylation in HNSCC [3,28-
30]. Primers used for PCR and sequencing analyses were designed
using the online MethPrimer software (www.methprimer.org) and
are listed in Table 1.

Illumina MiSeq was performed to map methylated CpG
dinucleotides for the regions of 167, 188 and 198 bp (chr: 16q22.1,
chr: 3p21.31, chr: 10g26.3) of E-cadherin, RASSF1A and MGMT

gene promoters containing 15,16, 21 CpG sites, respectively. Raw
sequence data was processed within the software package CLC
genomics workbench. For each sample, from 450,303 to 827,542
clusters were acquired. Quality trimming (Q20, no ambiguous
nucleotides allowed) was performed on all samples, and trimmed
reads were mapped against reference ‘converted’ sequences for
each gene (i.e. C positions were converted to T). Subsequently
variant calling was performed using the default CLC variant caller.
Variant calling tables for each sample were exported, and for each
nucleotide position, the number of sequences generating each base
were counted. After sequencing analysis, the Illumina reads were
post-processed and aligned to the human reference regions.

Primer Designation Primer Sequence (5’ — 3')

Orientation (Forw/Rev)

Annealing Temp (°C) Thermo- cycles Product Size (bp)

GAATTGTAAAGTATTTGTGAGTTTG

58 45 167

E-cadherin AATACCTACAACAACAACAACAAC

GTGGTAAGAGTTAATTTTTTT

GTAGTTTAATGAGTTTAGGTTTTTT

59 45 188

RASSF1A CTACACCCAAATTTCCATTAC

TAATGAGTTTAGGTTTTTT

GGTTTGGGGGTTTTTGATTAG

MGMT CCTTTTCCTATCACAAAAATAATCC

GGGGGTTTTTGATTAG

Seq*

Table 1: Sequencing Primers (Amplification and Sequencing). Seq*: Sequencing primer.

By using unmethylated and methylated human placental gDNA
as a negative and positive control, respectively, we validated
our results of sequencing analysis for the studied genes (Figure
la). Promoter methylation of E-cadherin (41.7%), RASSF1A
(24.6%) and MGMT (19.2%) was detected to various extents in
all of the parent cell lines (SCC016, SCC040, SCC056, SCC114
and SCC116), which was in agreement with previous reports.
However, according to the sequencing results, methylation levels
of E-cadherin and RASSF1A did not significantly change in
response to NO treatment in all of the studied cell lines. Promoter
methylation status, on the other hand, of MGMT showed alterations
after the treatment with NO donor in SCC016 and SCC056 cell
lines. Methylation level was significantly lower in SCC056-HNO
cell line than its parent cell line SCC056 (p<0,0001), whereas it
was higher in SCC016-HNO cell line compared to the parent cell
line SCCO16 (p<0,0001) (Figure 1b). Little to no difference was
detected between parent and HNO cell line pairs for the other three
cell line pairs (SCC040, SCC114 and SCC116).

Discussion

NO is a highly reactive free radical molecule found in normal and
malignant tissues, and have multifunctional effects in mammalian
cells [5,10]. It has been reported that NO can both promote and
inhibit carcinogenesis. The effects of NO in cancer cells depend
on the concentration and the duration of NO exposure, and the
activity and localization of NOS isoforms [31,32]. Excessive NO
synthesis and NOS activity have been observed in human cancer
cell lines and cells from tumor biopsies, including HNSCC [33,34].
By designing an in vitro cell line model system, we previously
characterized some molecular alterations in HNO adapted cell
lines of HNSCC [5,9]. Herein, we investigated the effects of high

NO levels epigenetically by utilizing same model cell line system
in HNSCC. For this purpose, we detected promoter methylation
levels of E-cadherin, RASSF1A and MGMT and then compared
between the parent and HNO adapted cell lines (SCC016-HNO,
SCC040-HNO, SCC056-HNO, SCC114-HNO, SCC116-HNO) by
[llumina MiSeq platform. The methylation levels of E-cadherin,
RASSF1A and MGMT in the human placental gDNA were
used as negative and positive control, respectively (-Sssl and +
Sssl) (Figure 1a). The results of placental gDNA as positive and
negative controls validated our primers and sequencing analysis.
According to the sequencing analysis of three tumor suppressor
genes, we observed conflicting methylation levels in response to
NO exposure of the cell lines.
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Figure 1: Methylation levels of MGMT in treated (+Ssssl) and untreated
(-Ssssl) placental DNA (a) and in the parent/HNO-adapted cell lines of
HNSCC (b).
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E-cadherin is a transmembrane glycoprotein and serves as cell
adhesion molecule [1]. It has been identified as a significant
predictive marker of oral carcinogenesis due to its promoter
methylation [28]. Our results regarding the sequence of E-cadherin
promoter demonstrated DNA hypermethylation in the parent
cell lines (41,7%) which were consistent with previous studies.
However, treatment of these cell lines with NO did not significantly
change methylation levels of E-cadherin (data not shown).

RASSFI1A is a cellular tumor suppressor gene and regulates a
broad range of cellular functions, including apoptosis, cell-cycle
arrest, mitotic arrest, and migration. However, the expression of
RASSF1A is lost in many human cancers by epigenetic silencing
[35]. Meng, et al. conducted a meta-analysis and identified an
association between hypermethylation of RASSF1A promoter and
HNSCC [3]. Our sequencing results of RASSF1A indicated some
methylation changes in the parent cell lines (24,6%), while no
signicifant difference was observed between the parent and HNO-
adapted cell lines.

Another tumor suppressor gene we studied was MGMT, which
plays a role in the repair of DNA damage caused by alkylating
agents and prevents precancerous mutations. MGMT is involved
in the early and late carcinogenesis of oral cancers and is observed
epigenetically silenced by promoter DNA hypermethylation in
HNSCC patients [28-30]. We observed decreased methylation
levels in SCC056-HNO and increased methylation levels in
SCCO016-HNO cell lines compared to their parent cell lines,
SCC056 and SCCO16, respectively (p<0,0001). Our laboratory
previously performed Western Blot analysis to detect expression
level of iNOS in the parent and HNO-adapted SCC016, SCC040
and SCCO056 cell lines. They observed that for each cell line pair,
iNOS expression was much greater in the HNO-adapted cell line
than in the corresponding parent cell line [3].

Taken together, our results suggest that NO may have diverse
actions on DNA methylation similar to its dual effects in tumor
development and progression. Very few studies have investigated
the role of NO on DNA methylation in various cancers, and
these studies have demonstrated the contrasting effects of NO
epigenetically. For example, Zhao, et al. reported that NO lead
to a global decrease in DNMTI and DNMT3a activity and
S-methylcytosine levels in murine squamous cell carcinoma
[36]. On the other hand, Huang, et al. observed that NO induced
promoter DNA methylation of tumor suppressor gene of E-cadherin
in gastric cancer [37]. Another study showed that NO result in
increase in DNA methylation of the tumor suppressor gene of
RunX3 in gastric cancer [38]. Taking the findings of these studies
and our data into consideration, it is important to evaluate various
mechanisms by which NO modulate epigenetic process and thus
change expression of associated genes. One such mechanism is
involved in the effect of NO in the activities and expression levels
of numerous epigenetic regulatory enzymes. The Ten-Eleven
Translocation (TET) family are examples of these enzymes that
catalyze the stepwise oxidation of 5-methylcytosine (5-mC) in
DNA to 5-hydroxymethylcytosine (5-hmC). These oxidized 5-mC

derivatives represent intermediates in the reversal of cytosine
methylation, which is associated with active gene transciption.
TET enzymes utilize iron, a-ketoglutarate and oxygen for the
reaction of DNA demethylation. NO has been shown to bind to
the catalytic iron and inhibit TET enzyme. Therefore, inhibition of
TET activity by NO may suppress the expression of specific genes
due to the accumulation of 5-mC in the promoter region [39-41].

In summary, NO appears to be an epigenetic regulatory molecule in
tumor progression. However, further studies are required to clearly
understand the dichotomous nature of NO epigenetically in order
to facilitate its use for the diagnostic and therapeutic purposes.
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