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Abstract

Background—Head and neck squamous cell carcinoma (HNSCC) is a cancer that is
characterized by its high morbidity and mortality rates. While tobacco use and alcohol
consumption are two major contributing factors for HNSCC carcinogenesis, how the combination
of tobacco and alcohol increases HNSCC risk is not understood.

Methods—We combined the 4-nitroguinoline-1-oxide (4-NQO) oral carcinogenesis and
Meadows-Cook alcohol mouse models to elucidate the molecular events and to identify novel
biomarkers associated with oral cancer development.

Results—By genome-wide RNA-seq of tongue samples (three mice per group) we identified
changes in transcripts that mediate alcohol metabolism and oxidative stress (Aldh2, Aldhla3,
Adhl, Adh7, and Cyp2ab) in mice treated with 4-NQO followed by ethanol (4-NQO/EtOH) as
compared to the vehicle control/untreated samples (V.C./Untr.). We measured major, global
increases in specific histone acetylation and methylation epigenetic marks (H3K27ac, H3K9/14ac,
H3K27me3, and H3K9me3) in the oral cavities of V.C./EtOH, 4-NQO/Untr. and 4-NQO/EtOH
treatment groups compared to the V.C./Untr. group. We detected changes in histone epigenetic
marks near regulatory regions of genes involved in ethanol metabolism by chromatin
immunoprecipitation (ChIP). For instance, the Aldh2 promoter showed increased H3K27me3
marks, and Aldh2 mRNA levels were reduced by 10-fold in 4ANQO/EtOH vs. V.C./Untr. tongue
samples. 4-NQO/EtOH treatment also caused increases in markers of oxidative stress, including 4-
HNE, MCT4/Slc16a3, and TOM20, as measured by immunohistochemistry.

Conclusions—We delineate a mechanism by which 4-NQO and ethanol can regulate gene
expression during the development of HNSCC, and suggest that histone epigenetic marks and
oxidative stress markers could be novel biomarkers and targets for the prevention of HNSCC.
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Introduction

Cancers of the head and neck include cancers of the pharynx, larynx, esophagus, and oral
cavity, and are typically characterized by their aggressiveness and high risk of death
(Hashibe et al., 2007b, Rothenberg and Ellisen, 2012). In the U.S. alone, it is estimated that
over 40,000 will be diagnosed in 2014, with 8,400 of these cancers resulting in death (Siegel
et al., 2014). Tobacco and alcohol consumption are the leading risk factors for oral cancer,
and alcohol consumption together with tobacco use synergize to greatly increase cancer risk
(Hashibe et al., 20073, Seitz and Stickel, 2007, Bauman et al., 2012, Rothenberg and Ellisen,
2012). While the risk of developing head and neck squamous cell carcinoma (HNSCC)
compared to never users is 7 times higher in only smokers and 3 times higher in only
drinkers, the risk of developing HNSCC is 38 times higher in chronic users of both tobacco
and alcohol (Morita et al., 2010, Seitz and Stickel, 2007). However, the molecular
mechanisms by which ethanol and tobacco together promote HNSCC are not completely
understood.

Carcinogens found within cigarette smoke, such as nitrosamines and polycyclic aromatic
hydrocarbons (PAHS), can promote HNSCC through gene mutations and chromosomal
aberrations resulting from the formation of DNA and protein adducts (Seitz and Stickel,
2007, Chen et al., 2011). While alcohol contributes to these effects, other potential
mechanisms by which alcohol may promote tumorigenesis include inhibition of metabolic
pathways involved in cancer prevention; the carcinogenic effects of its metabolite
acetaldehyde (AcH); and the induction of aberrant epigenetic changes (Seitz and Stickel,
2007).

The disruption of cellular respiration through mitochondrial dysfunction is a major factor for
many types of cancers, and epidemiological studies have found that human HNSCC patients
experience increases in oxidative mitochondrial metabolism and oxidative stress.
Mitochondrial dysfunction causes the electron transport chain to generate free radicals and
reactive oxidative species (ROS) as by-products, which leads to DNA and protein damage
(Choudhari et al., 2014). Both tobacco and alcohol use can alter the oxidant/antioxidant
balance in the oral mucosa (Seitz and Stickel, 2007, Choudhari et al., 2014), implicating
both tobacco and alcohol in ROS production during the development of HNSCC.

Ethanol metabolism is a multi-step process in which ethanol is oxidized to the carcinogen
AcH by the alcohol dehydrogenase (ADH) family of enzymes (ADH1, ADH3, ADH4), or
cytochrome P450 2E1 (CYP2E1) (Fig. 2(a)) (Black and Vasiliou, 2009). AcH is then
converted to acetate by the aldehyde dehydrogenase (ALDH) family of enzymes (ALDH1,
ALDH2, ALDH3) (Black and Vasiliou, 2009). Genetic mutations that lead to increased
ADH1A, ADH1B, and/or CYP2EL1 activity, or decreased ALDH2 enzyme activity increase
cancer susceptibility, since these different mutations result in increased levels of AcH after
alcohol consumption (Seitz and Stickel, 2006, Black and Vasiliou, 2009). AcH can exert
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damaging effects by inducing point mutations, sister chromatid exchanges, chromosomal
aberrations, and the formation of protein and DNA adducts (Seitz and Stickel, 2007).

Another mechanism by which ethanol may promote HNSCC is through induction of
epigenetic changes. Histone tails are subjected to a multitude of post-translational
modifications that can mark a gene promoter as being in an active or inactive state (Shukla
et al., 2008). Acetylation at histone 3 lysine residues 9, 14, and 27, (H3K9/14ac or
H3K27ac) and mono-methylation at histone 3 lysine 4 (H3K4me1l) are typically associated
with increased gene expression (Shukla et al., 2008, Urvalek et al., 2014). Conversely, tri-
methylation at lysine 27 or 9 of histone 3 (H3K27me3 and H3K9me3) is associated with
epigenetic silencing (Shukla et al., 2008, Urvalek and Gudas, 2014). Changes in the
epigenome can predict the prognosis of different cancers (Chervona and Costa, 2012), and
alcohol induces epigenetic changes in breast, lung, and colon cancers (Seitz and Becker,
2007, Seitz and Stickel, 2007, Chervona and Costa, 2012). However, few studies have
examined the role of alcohol-induced epigenetic changes in oral cancers, nor have histone
modifications been examined as potential biomarkers in HNSCC.

Head and neck cancers are typically diagnosed at later stages, at least in part explaining the
poor survival rate of oral cancer patients (approximately 50%) (Hashibe et al., 2007a).
Despite improved treatments, the overall survival rate has not significantly improved over
recent decades (Bauman et al., 2012). As a result, it is important to identify preventative
measures and early detection techniques in order to prevent oral cancer related deaths. Our
laboratory has developed a mouse model that combines the 4-NQO oral carcinogenesis and
the Meadows-Cook alcohol models to delineate the mechanisms by which ethanol promotes
oral carcinogenesis (Osei-Sarfo et al., 2013, Tang et al., 2004). This model is powerful since
it mimics many aspects of human behavior in which tobacco and alcohol are used together
(Squier and Kremer, 2001). Here we show that ethanol together with 4-NQO cause changes
in gene expression that can alter ethanol metabolism and induce oxidative stress. We show
that one mechanism by which ethanol induces changes in gene expression is by regulating
epigenetic histone marks near the transcriptional start sites of these genes, which can lead to
oxidative stress.

Materials and Methods

RNA-seq Analysis of the mRNA Transcriptome

RNA-seq was performed as previously described (Tang et al., 2014) and in Supplemental
Materials. n=3 for each treatment group. The Gene Expression Omnibus accession number
is GSE62125. Gene Ontology (GO) analysis was performed using the QFAB website (http://
www.qfab.org/next-generation-sequencing).

Animals and Treatments

Animals used and treatments were performed as previously described (Osei-Sarfo et al.,
2013). Briefly, eight-week female C57BL/6 wild type mice (Jackson Laboratory, Bar
Harbor, ME) were randomized and divided into four groups, 15 mice per group. Control
mice were treated with propylene glycol (vehicle control, V.C.) in their drinking water for
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10 weeks, followed by a 15-week period with normal water (VV.C./Untreated). Two groups
were chronically treated with 100 pg/ml 4-NQO (Cat# N8141; Sigma, St Louis, MO) in
their drinking water for 10 weeks. After this period these mice were treated with normal
water (4-NQO/Untr.), or 20% ethanol (EtOH) (4-NQO/EtOH) for 15 weeks. A fourth
group was treated with 20% EtOH for 15 weeks (V.C./EtOH). Mice were chronically
exposed to ethanol, and blood alcohol levels were measured throughout the study
(Supplemental Fig. 4). The care and use of animals in this study were approved by the
Institutional Animal Care and Use Committee (IACUC) of WCMC.

Immunohistochemistry (IHC)

Experiments were performed as previously described (Osei-Sarfo et al., 2013, Tang et al.,
2014). Sections were incubated with primary antibodies overnight at 4 °C (1:200 TOM20
(sc-11415, Santa Cruz, Santa Cruz, CA), 1:200 4-HNE (Ab48506, Abcam, Cambridge,
MA), 1:100 MCT4 (sc-50329, Santa Cruz), 1:400 H3K27ac (Ab4729, Abcam), 1:1,000
H3K9/14ac (06-599, Millipore, Billerica, MA), 1:400 H3K27me3 (07-449, Millipore),
1:1,000 H3K9me3 (07-473, Millipore), 1:1,000 H3K4mel (Ab8895, Abcam)). The antibody
signal was visualized by peroxidase reaction using 3,3’-diaminobenzidine. Methyl green was
used as a nuclear counterstain. At least three mice were used for each treatment group, and
for each sample at least four non-contiguous regions were photographed and analyzed.
Image J (http://imagej.nih.gov) software was used to measure positively stained tongue
epithelial area compared to total epithelial area. Ratios were calculated and converted to
percent positive area.

MRNA Analysis

gPCR was performed as previously described (Urvalek and Gudas, 2014). Primers were
designed for specific genes (Table 1). Samples were normalized to a GAPDH internal
control.

Chromatin Immunoprecipitation

25 mg of snap frozen mouse tongue tissue was minced and incubated in PBS + protease
inhibitors with 37% formaldehyde for 20 min at room temperature. Cross-linking was
quenched using 0.5 M glycine for 5 min. Samples were centrifuged at 1,500 rpm for 5 min,
washed with PBS, and replaced with 1 ml PBS + protease inhibitors. Tissues were
homogenized to a single cell solution using a Dounce homogenizer. Lysates were
centrifuged, supernatants were removed, and pellets were resuspended in 1 mL RIPA buffer
supplemented with DTT. Samples were incubated on ice for 10 min, followed by incubation
with 7.5 ul micrococcal nuclease for 20 min at 37° C with frequent mixing. Reactions were
neutralized using 0.5 M EDTA, and after centrifugation the pellets were resuspended in 100
ul RIPA buffer + protease inhibitors. Lysates were sonicated 5 times for 15 seconds each.
Immunoprecipitation and qPCR was performed as previously described (Urvalek and Gudas,
2014).
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Statistical Analysis

Results

Statistical analysis was performed on at least three samples from each treatment group (n=3
or >3) using the Graph Pad Prism 6.0 software. ANOVA followed by Tukey's post hoc
analysis was used when comparing three or more groups. Student's t-test was used to
determine statistically significant changes between two independent populations, where
p<0.05 was considered statistically significant. Graphs represent the means, where error bars
depict + S.E.

RNA-seq analysis reveals major changes in transcript levels after 4-NQO and ethanol

exposure

All oral tissue is covered by a stratified epithelium that shows a similar pattern of
differentiation (Squier and Kremer, 2001). Tongue tissue also has this epithelial structure,
and therefore is representative of most oral tissue. 4-NQO can induce mouse oral cavity
cancers that are similar to human HNSCC by causing DNA adduct formation, increased
reactive oxidative species, and changes in expression of genes associated with human
tumorigenesis (Rubin et al., 1995, Serewko et al., 2002, Tang et al., 2004). To determine
how the combination of 4-NQO and ethanol promotes oral carcinogenesis we performed
RNA-seq analysis on the tongues of control mice (V.C./Untr.), mice exposed to ethanol
(V.C./JEtOH), to 4-NQO (4-NQO/Untr.), or to 4-NQO followed by ethanol (4-NQO/EtOH).

We observed that ethanol, 4-NQO, and 4-NQO/EtOH caused major changes (defined as at
least a 2-fold change) in transcript levels when compared to the V.C./Untr. mice (Fig.
1A&B). Ethanol alone induced increases in transcript levels of 312 genes and decreases in
183 transcripts, while 4-NQO caused increases in 1087 mRNAs and decreases in 720
mRNAs (Fig. 1C&D). Interestingly, we discovered that 4-NQO followed by ethanol caused
the greatest number of changes in transcripts, with 1,666 transcripts increased and 1,939
transcripts decreased compared to the V.C./Untr. group (Fig. 1C&D). We also found 626
transcripts that increased, and 1,158 transcripts that decreased in the 4-NQO/EtOH
compared to 4-NQO/Untr. group (Fig. 1E&F).

Using gene ontology (GO) analysis we showed that many genes in the major signaling
pathways associated with cellular respiration were changed in the 4-NQO/EtOH group
compared to V.C./Untr. (Fig. 1G). This is significant since ROS production mainly occurs
during mitochondrial electron transport (Choudhari et al., 2014). Many of these genes
involved in cellular respiration are also associated with alcohol and carcinogen metabolism
(Fig. 2(a) and Supplementary Fig. 1). For example, RNA-seq revealed a 1.6-fold decrease in
Aldh2 (Gene ID 11669) transcripts (the gene that is primarily responsible for metabolizing
AcH to acetate) in 4-NQO/EtOH-treated mice compared to V.C./Untr. Other transcripts that
were changed in the 4-NQO/EtOH treatment group compared to V.C./Untr. and that play a
role in both cellular respiration and ethanol and/or carcinogen metabolism include Adhl
(gene ID 11522), Adh7 (gene ID 11529), Aldhla3 (gene ID 56847), Cyp2el (gene ID
13106), and Cyp2a5 (gene ID 13087). A summary of the major functions of these genes is
shown in Table 2.
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Transcript levels of genes involved in ethanol metabolism and ROS production are
changed after 4-NQO and ethanol exposure

To validate our RNA-seq results we performed gPCR on a larger number of samples. We
found that changes in mRNAs by gPCR were consistent with our RNA-seq samples. We
observed changes in transcript levels in the 4-NQO/EtOH treatment group compared to
V.C./Untr. (Fig. 2(b)A-E), with the exception of the Cyp2el transcript, which did not show
statistically significant changes (Fig. 2(b)F). By gPCR we detected a major, 10-fold decrease
in Aldh2 transcripts in the 4-NQO/EtOH vs. the V.C./Untr. group (Fig. 2(b)A). To determine
if the results we observed are specific to the oral cavity, we performed qPCR on the kidneys
of the same samples and showed that treatment with 4-NQO and ethanol had no effect on
transcript levels of these genes in the kidney (Fig. 2(c)A-F).

4-NQO and ethanol induce epigenetic changes associated with changes in gene
expression

Histone tails are subjected to many different posttranslational modifications that can alter
gene expression (Hon et al., 2009, Urvalek et al., 2014), and aberrant epigenetic
modifications are found in both early and late stages of carcinogenesis (Chen et al., 2011).
In hepatocytes ethanol can affect these epigenetic changes, potentially by regulating the
availability of substrates for epigenetic modifications, including acetyl-CoA (for acetylation)
and S-andenosyl-methionine (for methylation) (Shukla et al., 2008, Seitz and Stickel, 2007,
Seitz and Becker, 2007). Whether ethanol and/or 4-NQO can alter epigenetic histone
modifications in the oral cavity is not well studied. Using immunohistochemistry (IHC) we
determined that the levels of the transcriptional permissive H3K27ac mark increased 1.4 +
0.2 fold in the V.C./EtOH and 2.5 + 0.4 fold in the 4-NQO/EtOH group, but we detected no
changes in the levels of the H3K27ac mark in the 4-NQO/Untr. compared to the V.C./Untr.
group (Fig. 3A) (Hon et al., 2009). Additionally, H3K27ac levels increased 1.5 + 0.1 fold in
the 4-NQO/EtOH compared to V.C./EtOH group, and 1.8 + 0.1 fold in the 4-NQO/EtOH
compared to the 4-NQO/Untr. group (Fig. 3A). These results indicate that 4-NQO followed
by ethanol has additive effects on the deposition of the H3K27ac histone mark.

Similarly, we found that compared to the V.C./Untr. group, the H3K9/14ac transcriptionally
permissive mark increased by 1.5 + 0.3 fold in the V.C./EtOH group, 1.8 £ 0.3 fold in the 4-
NQO/Untr. group, and 2.0 + 0.3 fold in the 4-NQO/EtOH group (Fig. 3B). We interpret
these data to indicate that both ethanol and 4-NQO can globally increase levels of the
H3K9/14ac mark in the tongue.

We also examined general transcriptional repressive marks, including H3K27me3 and
H3K9me3. We observed a 1.6 = 0.3 fold increase in the levels of H3K27me3 in the V.C./
EtOH, a 1.8 £ 0.12 fold in the 4-NQO/Untr., and a 2.0 + 0.2 fold increase in in the 4-NQO/
EtOH compared to the V.C./Untr. Samples (Fig. 3C). Similarly, we found that the H3K9me3
mark increased by 1.4 + 0.1 fold in the V.C/EtOH, 2.0 fold + 0.1 in the 4-NQO/Untr., and
1.7 £ 0.1 fold in the 4-NQO/EtOH groups compared to the V.C./Untr. group (Fig. 3D).
These data show that ethanol and 4-NQO can also increase levels of the H3K27me3 and
H3K9me3 marks.
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The H3K4mel mark is found at poised transcriptional enhancer regions, and interestingly
(Hon et al., 2009), we found no significant changes in the H3K4mel mark in the V.C./
EtOH, 4-NQO/Untr., and 4-NQO/EtOH groups compared to the V.C./Untr. group (Fig. 3E).
Overall, these findings suggest that both 4-NQO and ethanol can regulate histone acetylation
and methylation at specific histone lysine residues, which likely play a role in regulating
gene expression in the oral cavity. These specific epigenetic marks could be markers of early
carcinogenesis.

To determine whether these changes in histone acetylation and methylation affected the
deposition of these marks near the transcriptional start sites (TSSs) of genes that regulate
ethanol metabolism and oxidative stress, we next performed chromatin immunoprecipitation
(ChlIP) on tongue tissues. Near the Aldh2 TSS we measured 2.8 + 0.1 and 2.6 + 0.6 fold
increases in the levels of the H3K27me3 mark in the 4-NQO/Untr. and 4-NQO/EtOH treated
tongue samples, respectively, compared to the V.C./Untr. samples (Fig. 4A). This is
consistent with our finding that Aldh2 transcript levels are lower in the 4-NQO/Untr. and 4-
NQO/EtOH compared to V.C./Untr. samples (Fig. 2(b)A). In contrast, we did not detect
changes in H3K27ac levels near the Aldh2 TSS (Fig. 4A).

Near the Aldhla3 TSS we detected a 1.9 £ 0.4 fold increase in the H3K27ac mark in the 4-
NQO/Untr. and a 2.1 £ 1.1 fold increase in the 4-NQO/EtOH group relative to the V.C./Untr
group. Conversely, compared to the V.C./Untr. group we detected 1.7 £ 0.3 and 2.3 + 0.1
fold decreases in the H3K27me3 mark in the 4-NQO/Untr. and 4-NQO/EtOH groups,
respectively (Fig. 4B). This again is consistent with the increased Aldhla3 transcript levels
in these two groups compared to the V.C./Untr. group (Fig. 2(b)B). The Adhl TSS region
exhibited a 1.5 £ 0.2 fold decrease in the level of H3K27ac and no changes in the
H3K27me3 levels in the 4-NQO/EtOH vs. the V.C./Untr. samples (Fig. 4C), consistent with
the decrease in Adhl transcripts in the 4-NQO/EtOH compared to the V.C./Untr. samples
(Fig. 2(b)C). We measured 1.8 + 0.6 and 3.3 £ 0.7 fold increases in the H3K27ac mark near
the Adh7 TSS in the 4-NQO/Untr. and 4-NQO/EtOH groups, respectively, compared to the
V.C./Untr. samples. We also observed a 2.8 + 0.2 fold decrease in the H3K27me3 near the
Adh7 TSS in the 4-NQO/EtOH vs. the V.C./Untr. samples (Fig. 4D). These data agree with
the increased Adh7 transcript levels in these samples (Fig. 2(b)D). We did not detect
changes in H3K27ac or H3K27me3 levels at the Cyp2ab TSS (Fig. 4E), despite the
decreases in Cyp2ab transcript levels in the V.C./EtOH, 4-NQO/Untr., and 4-NQO/EtOH
compared to the V.C./Untr. group (Fig. 2(b)E). We did not observe changes in H3K27ac or
H3K27me3 levels at the Cyp2el TSS (Fig. 4F), which agrees with the lack of any change in
Cyp2el transcript levels (Fig. 2(b)F). Overall, our results show that the deposition of the
H3K27ac and H3K27me3 marks near the transcriptional start sites of the genes examined is
differentially regulated after ethanol and/or 4-NQO treatment.

4-NQO and ethanol alter mitochondrial function and promote oxidative stress

To determine if 4-NQO and/or ethanol change cellular respiration and induce oxidative
stress in the tongue epithelia, we examined markers of both cellular respiration and
oxidative stress by immunohistochemistry. Increased expression of the TOM20 (gene ID
67952) protein correlates with increased mitochondrial mass and oxidative phosphorylation,
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and we measured a 1.7 £ 0.3 fold increase in TOM20 protein levels in the tongue epithelia
of the V.C./EtOH compared to V.C./Untr. group (Fig. 5A&D) (Curry et al., 2013, Wurm et
al., 2011). We also observed 2.3 + 0.4 and 3.3 £ 0.3 fold increases in TOM20 in the 4-NQO/
Untr. and 4-NQO/EtOH, respectively, compared to the V.C./Untr. group (Fig. 5A&D).
Interestingly, compared to the V.C./EtOH and 4-NQO/Untr. groups respectively, we
observed a 1.9 + 0.6 and 1.4 £+ 0.2 fold increase in TOMZ20 in the 4-NQO/EtOH group (Fig.
5A&D). These data suggest that increased oxidative phosphorylation and aerobic respiration
occur in the tongue epithelial cells in all three treatment groups (V.C./EtOH, 4-NQO/Untr.
and 4-NQO/EtOH) relative to the VV.C./Untr. group, and that 4-NQO/EtOH treatment
increases TOM20 expression to a greater extent than ethanol or 4-NQO alone (Fig. 5D).

MCT4 (Slc16a3) (gene 1D 80879) is a marker of oxidative stress and increased glycolysis,
and high MCT4/Slc16a3 expression in non-proliferating cells correlates with a poor
outcome in head and neck cancer patients (Curry et al., 2013, Ganapathy et al., 2009,
Halestrap and Price, 1999). We found 3.2 + 1.5 and 4.3 £+ 1.5 fold increases in MCT4/
Slc16a3 protein levels in the 4-NQO/Untr. and 4-NQO/EtOH groups, respectively,
compared to the V.C./Untr. group (Fig. 5B&D). 4-Hydroxynonenal (4-HNE) is a second
marker of oxidative stress and lipid peroxidation (Singh et al., 2013), and we measured a 3.0
+ 0.2 fold increase in 4-HNE levels in the 4-NQO/EtOH compared to the V.C./Untr. group
(Fig. 5C&D). Thus elevations in these markers of oxidative stress could be prognostic
markers and preventative treatment targets for those who use both tobacco and alcohol, and
are at a high risk for developing HNSCC.

Discussion

Transcript levels of enzymes that metabolize ethanol are altered in the V.C./JEtOH, 4-NQO/
Untr. and 4-NQO/EtOH groups

While it is clear that tobacco use together with drinking greatly increase the risk of head and
neck cancer (Hashibe et al., 2007b, Seitz and Stickel, 2007), the mechanisms by which this
occurs are not understood. We have previously shown that 4-NQO-induced oral
carcinogenesis is associated with genome-wide changes in gene expression (Tang et al.,
2013, Tang et al., 2004, Tang et al., 2009, Osei-Sarfo et al., 2013, Tang et al., 2014), and
here we show that 4-NQO treatment followed by ethanol treatment (4-NQO/EtOH) altered
the largest numbers of transcripts as compared to V.C./Untr., V.C./EtOH or 4-NQO/Untr.
groups (Fig. 1). Importantly, we found that transcripts of genes involved in ethanol
metabolism were changed, suggesting that alterations in ethanol metabolism play a major
role in 4-NQO/EtOH-mediated HNSCC carcinogenesis. Furthermore, we found that only 4-
NQO followed by ethanol treatment induced epigenetic changes at specific gene regulatory
regions (Fig. 4) and increased the oxidative stress marker 4-HNE (Fig. 5C&D).

ALDH? is the major enzyme that converts AcH to acetate, and decreased ALDH?2
expression can lead to increased levels of the AcH carcinogen, increased DNA- and protein-
adduct formation, and increased ROS levels (Seitz and Stickel, 2007, Yokoyama and Omori,
2003). Importantly, humans that possess a mutant ALDH2 genotype (ALDH2*2) show
decreased ALDH?2 activity and are more susceptible to HNSCC, highlighting the importance
of ALDH2 activity in reducing alcohol-associated carcinogenesis in the oral cavity
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(Yokoyama and Omori, 2003). Our gPCR analysis showed that Aldh2 mRNA levels are
decreased by 10-fold in the 4-NQO/EtOH group compared to V.C./Untr. (Fig. 2(b)A). Thus,
4-NQO/EtOH associated decreases in Aldh2 mRNA levels may play a major role in oral
tumorigenesis. Interestingly, in the liver ethanol caused decreases in the Aldh2 mRNA levels
and ALDH2 activity, contributing to liver steatosis (Liu et al., 2012). This result is
consistent with our finding that ethanol exposure causes decreases in Aldh2 mRNA levels in
the oral cavity.

While in the same family as ALDH2, ALDH1AS3 converts retinaldehyde to retinoic acid and
shows little capability to metabolize AcH to acetate. In contrast to Aldh2, our gPCR analysis
showed a 7-fold increase in Aldhla3 transcripts in the 4-NQO/EtOH compared to the V.C./
Untr. group (Fig. 2(b)B) (Eriksson, 1977). This increase is consistent with the finding that
ALDH1AS3 is overexpressed in human HNSCC, where it is a marker of poor prognosis
(Masood et al., 2013). Importantly, ALDH1A3 is also a common marker of cancer stem cell
(CSC) populations in breast cancer (Marcato et al., 2011). We previously found that
horizontal expansion of stem/progenitor cell populations takes place in the tongue basal
epithelia during carcinogenesis, and these cells are likely tumor initiating cells in HNSCCs
(Osei-Sarfo et al., 2013, Tang et al., 2013). Thus, our results suggest that Aldh1a3 could be a
marker of HNSCC CSCs.

Ethanol is metabolized to AcH by the ADH family of enzymes (Seitz and Becker, 2007).
We observed increased Adh7 transcript levels in VV.C./EtOH, 4-NQO/Untr. and 4-NQO/
EtOH tongues compared to V.C./Untr. tongue samples (Fig. 2(b)D), which could increase
AcH levels in the oral cavity. Conversely, Adhl transcripts were decreased after 4-NQO/
EtOH treatment (Fig. 2(b)C). It is interesting to note that although both ADH1 and ADH7
catalyze the metabolism of ethanol, we observe opposite changes in gene expression of these
enzymes in our samples. However, in the upper gastrointestinal tract ADH7 shows the
highest metabolism of ethanol to AcH out of the ADH enzymes (Wei et al., 2010).
Additionally, others have found that ADH1 levels are decreased in breast cancers, and that
ADHL1 is inhibited during chronic alcohol abuse in liver, suggesting that decreased ADH1
expression may have other physiological effects besides ethanol metabolism that contribute
to HNSCC (Seitz and Becker, 2007, Jelski et al., 2006). In fact, ADHL1 is important for
reducing 4-HNE levels (Singh et al., 2013), and we detected increased 4-HNE levels in the
4-NQO/EtOH treatment group relative to the V.C./Untr. group (Fig. 5C&D).

Two additional genes associated with alcohol metabolism are Cyp2a5 and Cyp2el (Jelski et
al., 2006, Lu et al., 2011). In our model we observed a decrease in Cyp2a5 transcripts (Fig.
2(b)E), and no significant changes in Cyp2el transcripts (Fig. 2(b)F) in V.C./EtOH, 4-NQO/
Untr. and 4-NQO/EtOH groups compared to the V.C./Untr. group. CYP2E1 polymorphisms
that alter CYP2E1 enzymatic activity have been observed in head and neck cancer patients,
suggesting that regulation of Cyp2el at the transcript level may not be a major mechanism
(Tang et al., 2010). CYP2A5 also metabolizes nicotine, and inactivating polymorphisms in
the Cyp2a5 human ortholog Cyp2a6 lead to decreases in nicotine metabolism and increased
lung and esophageal cancer risk (Xu et al., 2002).
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Ethanol and 4-NQO increase various histone acetylation and methylation marks

We discovered that 4-NQO and ethanol globally alter epigenetic modifications during the
carcinogenesis process. We showed that ethanol increases H3K9/14 and H3K27 acetylation
(Fig. 3A&B). This is the first report of global increases in histone acetylation during oral
carcinogenesis, which could explain the dramatic increases in transcripts in the 4-NQO/
EtOH group as compared to the V.C./EtOH and 4-NQO/Untr. groups (Fig. 1).

We also detected increases in global H3K27me3 and H3K9me3 marks in all treatment
groups (V.C./EtOH, 4-NQO/Untr. and 4-NQO/EtOH) compared to the V.C./Untr. control
(Fig. 3C&D). However, we did not observe changes in H3K4mel levels in treatment groups,
consistent with a previous report that H3K4mel levels did not change in human oral
carcinomas compared to healthy mucosa (Mancuso et al., 2009). Our findings in this oral
cancer model are significant, as other studies in lung, prostate, breast, esophageal, and liver
cancers have shown that increases in the levels of histone marks, including H3K9ac,
H3K27me3, H3K9me3, and H3K4mel, are often correlated with poor prognosis, increased
metastasis, and increased recurrence rates (Chervona and Costa, 2012). This further
highlights changes in histone marks as potential biomarkers for HNSCC and assessment of
cancer risk.

Currently, the mechanisms by which ethanol and 4-NQO can increase both histone
acetylation and methylation are not known. One potential mechanism is through regulation
of the expression of histone modifying genes. In stem cells we observed an increase in the
H3K27ac mark at specific gene promoters when histone deacetylase 1 (HDAC1) was
knocked down (Urvalek and Gudas, 2014). By RNA-seq we found that HDAC1 mRNA
decreased by 1.5-fold in the 4-NQO/EtOH compared to the V.C./Untr. group (data not
shown), so this decrease in HDAC1 could result in greater H3K27ac and H3K9/14ac levels
in 4-NQO/EtOH treated tongues. Similarly, the enzyme EZH2, which trimethylates H3K27,
is overexpressed in 50% of human HNSCC tumor samples, where it adds the H3K27me3
inhibitory mark at many differentiation associated genes (Gannon et al., 2013, Kidani et al.,
2009). We found that EZH2 transcripts are increased by 1.8- and 1.6-fold in tongues from
the 4-NQO/Untr. and 4-NQO/EtOH groups, respectively (data not shown). Additionally, by
IHC we observed an increase in EZH2 protein expression after 4-NQO treatment of the
tongue epithelia (Supplemental Fig. 4). It will be important to determine the enzymatic
activities of co-regulators (i.e. HDACL1, EZH2), and whether they interact near the
transcriptional start sites and enhancers of genes involved in 4-NQO/EtOH-mediated oral
carcinogenesis.

Unlike permanent genetic alterations such as gene mutations, epigenetic alterations are
reversible, making cancer-associated epigenetic changes attractive targets for cancer
prevention and therapy. Epigenetic changes are believed to precede, and potentially to cause
neoplastic changes, and inhibitors of epigenetic modifying enzymes are currently being
examined as potential therapies for HNSCC (Issa, 2008). For example, The EZH2 inhibitor
DZNep has selective cancer toxicity in HNSCC (Gannon et al., 2013).
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Markers of oxidative stress are increased in the tongue after 4-NQO/Untr. and 4-NQO/EtOH

treatments

Oxidative stress promotes carcinogenesis by inducing DNA, RNA, lipid, and protein
damage, leading to increased cellular proliferation, invasion, metastasis, and evasion of
apoptosis (Choudhari et al., 2014). We observed increased TOM20 (Fig. 5A&D), a marker
of oxidative phosphorylation, which was one of the signaling pathways we found to be
altered in our RNA-seq analysis (Fig. 1D, and Supplementary Fig. 1A) (Wurm et al., 2011).
Increased oxidative phosphorylation can lead to increased ROS production, causing lipid
peroxidation, which results in 4-HNE protein and DNA adduct formation (Singh et al.,
2013). We found increased 4-HNE staining in the 4-NQO/EtOH as compared to the V.C./
Untr. group (Fig. 5C&D). Interestingly, 4-HNE can bind to specific HDACs, leading to their
inactivation (Doyle and Fitzpatrick, 2010), and 4-HNE interaction with HDACs may be
another mechanism by which histone acetylation levels are increased in the 4-NQO/EtOH
treatment group in our model.

Others have shown that carcinogens can crosslink chromatin remodeling proteins such as
HDACL to gene regulatory regions, thereby altering histone modifications at these sites
(Schnekenburger et al., 2007). Additionally, many toxicants, including the cigarette smoke
carcinogen acrolein, alter various histone mark levels, including H3K9/14ac, H3K27me3,
and H3K4me3, by disrupting chromatin assembly and nucleosome occupancy at gene
promoters (Chen et al., 2013, Zhou et al., 2009). These findings suggest that DNA and
protein adduct formation induced by ethanol and 4-NQO could alter histone modifications
globally and at specific gene promoters through similar mechanisms.

MCT4/SLC16A3 is a marker for increased glycolysis (Ganapathy et al., 2009, Halestrap and
Price, 1999), and we found increased MCT4/SLC16A3 protein in 4-NQO/Untr. and 4-NQO/
EtOH groups compared to the V.C./Untr. group (Fig. 5B&D). Other researchers reported
that MCT4/SLC16A3 expression in cancer-associated fibroblasts resulted from oxidative
stress, which protected cancer cells from cell death (Curry et al., 2013). These results
indicate that MCT4/SLC16A3 inhibitors could be anti-cancer therapies for HNSCC,
specifically targeting hypoxic cells.

In summary, we have identified alterations in epigenetic marks and increased oxidative
stress as mechanisms by which 4-NQO followed by ethanol can promote oral cavity
carcinogenesis. This suggests that specific epigenetic marks and/or markers of oxidative
stress could be used as effective biomarkers for oral cavity carcinogenesis. In the future, our
model will be useful for testing drugs directed towards epigenetic modifying enzymes or
oxidative stress-associated proteins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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The citric acid (TCA) cycle and ETC 153 81(63.3%)  2.03e-31
Metabolic pathways 1212 354 (29.7%) 9.06e-31
Respiratory electron transport, ATP synthesis 121 66 (68.0%) 1.42e-28
Oxidative phosphorylation 148 73 (55.7%) 1.5e-23
NADH to cytochrome bd oxidase electron transfer 59 36 (72.0%) 2.12e-17
Mitochondrial Fatty Acid Beta-Oxidation 15 13 (92.9%) 1.45e-09
Fatty acid, triacylglycerol, and ketone body metabolism 66 27 (42.2%) 2.61e-06
Mitotic M-M/G1 phases 141 45 (33.3%) 4.32e-06
DNA Replication 163 50 (31.8%)  5.67e-06
Fig. 1.

Ethanol and 4-NQO alter transcript levels in the tongues on a genome-wide scale. RNA was
isolated from the tongues of the four different treatment groups and subjected to RNA-seq.

(A) Gene expression correlation of total number of transcript levels (RPKM, reads per

kilobase of transcript per million reads mapped) with at least a 2-fold change in in treatment

groups (y-axis) compared to V.C./Untr. group (x-axis). Pearson correlation where p<0
R2=goodness of fit. (B) Heat map depicting genome-wide changes in transcript levels

.05,

among all groups. Color scale is log2, red depicting increases and green depicting decreases.
p<0.05 with at least a 2-fold change. (C & D) Pie charts depicting the numbers of transcripts
increased (C), or (D) decreased compared to the V.C./Untr. group. (E & F) Venn diagrams

depicting increased (E) or decreased (F) transcripts that are in common or unique to ei
4-NQO/Untr. or 4-NQO/EtOH compared to the V.C./Untr. group. (G) Gene ontology

Alcohol Clin Exp Res. Author manuscript; available in PMC 2016 August 01.

ther



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Urvalek et al.

Page 16

analysis showing the top ten signaling pathways with the lowest p-values in the 4-NQO/
EtOH treatment group that are changed compared to the V.C./Untr. group.
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Fig. 2.

Ethanol and 4-NQO change transcript levels of genes associated with ethanol metabolism.
(a) Schematic representation of ethanol metabolism. Ethanol (EtOH) is metabolized to
acetaldehyde (AcH) primarily by the alcohol dehydrogenase (ADH) family of enzymes.
Cytochrome P450 (Cyp P450) enzymes can also metabolize ethanol to AcH. AcH is
metabolized to acetate by aldehyde dehydrogenases (ALDH). ((b) A-F) Validation of RNA-
seq analysis, where reverse transcribed RNA isolated from tongues was subjected to qRT-
PCR analysis to measure mRNA levels compared to Gapdh (control) mRNA levels, n=8.
((c) A-F) Reverse transcribed RNAs isolated from kidneys were subjected to qRT-PCR
analysis to determine mRNA levels compared to Gapdh (control) mRNA levels. (A) Aldh2
(Gene ID 11669), (B) Aldhla3 (Gene ID 56847), (C) Adhl (Gene ID 11522), (D) Adh7
(Gene ID 11529), (E) Cyp2a5 (Gene ID 13087), (F) Cyp2el (Gene ID 13106). One-way
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ANOVA followed by Tukey's post hoc analysis, n=3, *p<0.05 between all treatment groups
and the V.C./Untr. samples.
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Ethanol and 4-NQO induce global changes in histone acetylation and methylation in the
tongue epithelia. Immunohistochemistry (IHC) using antibodies specific for (A) H3K27ac,

(B) H3K9/14ac, (C) H3K27me3, (D) H3K9me3, or (E) H3K4mel. Shown are

representative images (200x magnification; scale bar, 50 um) from at least three individual
mice from each treatment group, and quantitation of percent area with positive staining for
the indicated antibody. Brown color indicates positively stained cells. (Blue trapping of
methyl green in keratinized layers). Panels at right indicate quantitation of percent positively
stained cells within the entire epithelia layer. One-way ANOVA followed by Tukey's post
hoc analysis, n=3, *p<0.05, **p<0.001.
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Fig. 4.
Ethanol and 4-NQO induce changes in histone acetylation and methylation at transcriptional

start sites of some genes involved in ethanol metabolism. Mouse tongue tissue was
homogenized, and pre-cleared lysates (15 pg of DNA) were immunoprecipitated (IP'ed)
using 0.5 pg of antibodies specific for H3K27ac, H3K27me3, or 1gG (negative control).
Purified DNA was used for qPCR analysis using primers specific for transcriptional start site
(TSS) regions (Table 1) of the (A) Aldh2, (B) Aldhla3, (C) Adhl, (D) Adh7, (E) Cyp2a5, or
(F), Cyp2el genes. Binding is expressed relative to the pre-IP input DNA. Error bars
represent standard errors of independent mouse tongue samples where n=5. One-way
ANOVA followed by Tukey's post hoc analysis, *p<0.05, **p<0001.
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4-NQO and ethanol induce oxidative stress in the tongue epithelia. IHC using antibodies
specific for (A) TOM20, (B) MCT4/SLC16A3, or (C) 4-HNE was performed. Shown are
representative images (200x magnification; scale bar, 50 um) from at least three mice from
each experimental group with three images per mouse quantitated for (D). Brown represents
positively stained cells. (D) Quantitation of percent area with positive protein staining for
the indicated antibody. One-way ANOVA followed by Tukey's post hoc analysis, n=3,
*p<0.05, **p<0.001.
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Table 1
Primer sequences used for gPCR and predicted product size. (bp, base pair)
Target Forward (5-3) Reverse (3-5) Band Size (bp)
Aldh2 TTCAACGCTGCAGTCGCCCTCC TTCCTGCTGACGGCGTCGTGCC 269
Aldh1a3 AAGACTCGTCAGACCCAGG ATG ACG ATC TTT CCT ACA GCC 326
Adh1 GACATAGAAGTCGCACCCCC AACCGAAACACAAGCCCTGA 219
Adh7 CCTATGACCCAATGCTGCTCT CCCAGGTCTCTGGAACTCAAA 237
Cyp2el TTCCGAGGATATGTCATCCCCAAGG TTCTCCAACACACACGCGCTTTCC 189
Cyp2a5 TAGCTCAATTGTCTTCGGGGAC AAG TCC TCC AGG CCC TGC 195
Aldh1a3 TSS TCACTCCCGCCGAAGTTTTG ATTCCCAAGGGTCGGACATC 151
Aldh2 TSS ~ ATGAATTCTCTTCGCCGCCA GCTCCCAAAGCCAAGTCAGA 133
Adh1 TSS TACACACCCCATGGACTGGA ACGTGATCTGGCCCTTTACG 275
Adh7 TSS AGCTTGCACGTAGAAGGCAT TGAGGCACGGTTCACTCTTC 342
Cyp2e1 TSS  ATTTGACAACGTGAAATGGGATCC  TACTGATCTGACAAGGATGAGGC 394
Cyp2a5TSS TAGCTCAATTGTCTTCGGGGAC AAGTCCTCCAGGCCCTGC 195
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Table 2
Enzymes examined that are associated with ethanol metabolism and their function
Gene Function Refs
Aldh2 Metabolizes AcH to acetate Seitz & Becker, 2007; Black et al, 2009; Singh et al., 2013
Aldhla3 Metabolizes retinaldehyde to retinoic acid Seitz & Becker, 2007; Black et al, 2009; Singh et al., 2013
Adhl Metabolizes EtOH to AcH Seitz & Becker, 2007; Jelski et al, 2006
Adh7 Metabolizes EtOH to AcH Seitz & Becker, 2007; Jelski et al, 2006
Cyp2el  Metabolizes xenobiotics (EtOH to AcH) Seitz & Becker, 2007; Lu et al., 2011
Cyp2a5  Metabolizes drugs and toxins (i.e. nicotine) (Cyp2a6 is human Seitz & Becker, 2007; Lu et al, 2011; Xu et al., 2002

orthologue)
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