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Resistance to radiation therapy constitutes a significant challenge in the treatment of head and neck squamous cell
cancer (HNSCC). Alteration in DNA methylation is thought to play a role in this resistance. Here, we analyzed DNA
methylation changes in a matched model of radiation resistance for HNSCC using the Illumina HumanMethylation450
BeadChip. Our results show that compared to radiation-sensitive cells (SCC-61), radiation-resistant cells (rSCC-61) had a
significant increase in DNA methylation. After combining these results with microarray gene expression data, we
identified 84 differentially methylated and expressed genes between these 2 cell lines. Ingenuity Pathway Analysis
revealed ILK signaling, glucocorticoid receptor signaling, fatty acid a-oxidation, and cell cycle regulation as top
canonical pathways associated with radiation resistance. Validation studies focused on CCND2, a protein involved in cell
cycle regulation, which was identified as hypermethylated in the promoter region and downregulated in rSCC-61
relative to SCC-61 cells. Treatment of rSCC-61 and SCC-61 with the DNA hypomethylating agent 5-aza-2’deoxycitidine
increased CCND2 levels only in rSCC-61 cells, while treatment with the control reagent cytosine arabinoside did not
influence the expression of this gene. Further analysis of HNSCC data from The Cancer Genome Atlas found increased
methylation in radiation-resistant tumors, consistent with the cell culture data. Our findings point to global DNA
methylation status as a biomarker of radiation resistance in HNSCC, and suggest a need for targeted manipulation of
DNA methylation to increase radiation response in HNSCC.

Introduction

Head and neck cancer is a collective term for malignancies
originating from the oral and nasal cavities, pharynx, and lar-
ynx. In the United States, head and neck cancer accounts for
3% of all cancers, with an estimated 42,400 new cases and
8,390 deaths in 2014.1 As with many other cancers, radiation
is an important therapeutic approach to treat head and neck

cancer, and resistance to this mode of treatment constitutes a
significant challenge.2,3 To enable the systematic investigation
of the underlying molecular mechanism of radiation resis-
tance, we developed a radiation-resistant head and neck can-
cer cell line (rSCC-61) from the radiation-sensitive SCC-61
cell line by fractionated radiation and characterized broad
phenotypic changes associated with the gain of radiation
resistance using proteomics, redox imaging, and
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complementary methods of analysis.4 To further dissect the
mechanisms driving these phenotypic changes, we examined
patterns of DNA methylation in the SCC-61/rSCC-61 sys-
tem and connected changes in DNA methylation with spe-
cific gene expression using gene expression microarray data.
Recent studies suggest that alterations in DNA methylation
pattern have a significant impact on cancer biology and
response to therapies.5-8 We found higher levels of DNA
methylation in radiation-resistant rSCC-61 cells and identi-
fied ILK signaling, glucocorticoid receptor signaling, fatty
acid a-oxidation, and cell cycle regulation as top epigeneti-
cally regulated canonical pathways associated with radiation
resistance. This analysis was extended to tumor data from
patients with head and neck squamous cell cancer (HNSCC)
in The Cancer Genome Atlas (TCGA). We identified a simi-
lar increase in DNA methylation of radiation-resistant
tumors, consistent with the cell culture data. Approximately
36% of interrogated CpG methylation sites followed the
same methylation trend in the SCC-61/rSCC-61 cell system
and TCGA data, further emphasizing the role of genome
methylation as regulator of radiation response in HNSCC.

Results

Radiation resistance is accompanied by a significant increase
in DNA methylation

To assess DNA methylation changes associated with radiation
resistance, we performed epigenome-wide association studies
with the HumanMethylation450 (HM450) BeadChip array
using radiation-resistant (rSCC-61) and radiation-sensitive
(SCC-61) cell lines.4 This high-throughput methylation profiling
technology covers 485,577 CpG sites and 99% of RefSeq genes.9

Methylation b values of all CpG sites comparing rSCC-61 and
SCC-61 cells are shown in Figure 1A. Most data fell on the diag-
onal, representing equal methylation levels in the two cell lines.
The data above the diagonal represent CpG sites that have higher
methylation in rSCC-61 than SCC-61 and the data below the
diagonal represent CpG sites that have lower methylation in
rSCC-61 than SCC-61. The results indicate that differentially
methylated CpG (dmCpG) sites in the rSCC-61 cell line are pri-
marily hypermethylated. This is also illustrated by the pie chart
in Figure 1B; roughly 10 times more CpG sites are hypermethy-
lated in rSCC-61 in comparison to SCC-61 cells (140,423 vs.
13,291). The b value distribution for each cell line is shown in
Figure 1C and D. In rSCC-61 cells, more than half of the CpG
sites have b values greater than 0.8 (Fig. 1C). In contrast, only
31.6% of CpG sites are hypermethylated in SCC-61 cells
(Fig. 1D). DNA methylation is catalyzed by DNA methyltrans-
ferases (DNMTs). The differences in DNA methylation could be
due to differences in DNMT levels or their activities in the two
cell lines, as well as other factors. We extracted gene expression
data from the HumanHT-12 v4 Expression BeadChip analysis
of SCC-61/rSCC-61 system. While the expression of DNMT1
and DNMT3A genes were not changed between the two cell

lines, there was a 1.3-fold increase in DNMT3B mRNA level
(P D 0 .0015) in rSCC-61.

Differentially methylated CpG (dmCpG) sites are
disproportionally distributed between canonical CpG islands
and open sea

To better understand the functional significance of differential
DNA methylation between the rSCC-61 and SCC-61 cell lines,
we examined the location of the dmCpG sites. The functional
composition of the 485,577 CpG sites included on the HM450
BeadChip is shown in Figure 2A (left): promoter (29%),
50UTR/1st exon (12%), body (31%), 3’UTR (3%), and inter-
genic (25%). The functional genomic distribution of the
dmCpG sites in rSCC-61 cells is shown in Figure 2A (middle
and right). In general, the distribution of hyper- and hypomethy-
lated CpG sites reflects their representation on the BeadChip,
with most dmCpG sites found in the promoter, gene body, and
intergenic regions (Fig. 2A, middle and right).

The neighborhood locations of all CpG sites on the HM450
BeadChip are shown in Figure 2B: 31% of the CpG sites are
located in canonical CpG islands, 23% in shores (0–2 kb from
the canonical islands), and 10% in shelves (2–4 kb from the
canonical islands). The rest of the sequence (36%) is defined as
open sea. The annotation of CpG islands was performed follow-
ing the UCSC Genome Browser guidelines as detailed in the
Materials and Methods section. The patterns of the hyper- and
hypomethylated CpG sites in rSCC-61 cells deviate from their
representation on the BeadChip: only 16% of the hypermethy-
lated CpG sites are located in the canonical CpG islands, while
48% are located in the open sea (Fig. 2B middle). In contrast,
46% of the hypomethylated CpG sites are located in the canoni-
cal CpG islands, while only 24% are located in the open sea
(Fig. 2B right).

This finding prompted us to perform additional compari-
sons to determine the functional genomic distribution of
dmCpGs located in islands and open sea (Fig. 2C). A com-
parison among the island and open sea hyper- and hypo-
methylated CpGs shows differences in their functional geno-
mic distribution. Hypermethylated CpGs in islands are dis-
tributed approximately equally between promoter (25%,
5,872 sites), gene body (29%, 6,743 sites), and intergenic
regions (29%, 6,655 sites), and reflect the representation of
CpGs on the chip. In contrast, hypomethylated CpGs in
islands are more often located in the promoter regions (39%,
2,341 sites). A larger proportion of dmCpGs in the open sea
(39% and 44% for hyper- and hypo-methylated sites, respec-
tively) are located in the intergenic region, followed by gene
body (29% for both hyper- and hypo-methylated sites), pro-
moter (18% and 15% for hyper- and hypo-methylated sites,
respectively), 5’UTR (9% for both hyper- and hypo-methyl-
ated sites), and 3’UTR (4% and 3% for hyper- and hypo-
methylated sites, respectively). To determine the statistical
significance of the association of methylation changes with
functional or neighborhood location, we applied the chi-
square test to data in Figure 2A (middle and right panels),
2B (middle and right panels) and 2C (all panels). In all cases,
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we obtained P-values < 2.2E-16, indicating that the methyla-
tion changes were strongly associated with both functional
and neighborhood locations.

Promoter methylation is negatively correlated with mRNA
expression

Since DNA methylation at the promoter region has been more
thoroughly established as an epigenetic regulator of gene expres-
sion, we next investigated this relationship in the SCC-61/rSCC-
61 system by comparing the HM450 DNA methylation data with
gene expression data from the HumanHT-12 v4 Expression Bead-
Chip. We analyzed 4,948 genes that had detectable expression val-
ues in both rSCC-61 and SCC-61 cell lines. We detected 3,275
genes with statistically significant changes in expression (P-values
< 0.05); of these, 162 genes were up- or down-regulated based on
the selection criterion jlog2 fold changej > 1.5 (Fig. 3A). The

DNA methylation data were filtered using the detection P-values
and location of probes, resulting in 28,030 CpG sites mapped to
the promoter regions of 4,948 expressed genes (Fig. 3B). Further
filtering based on the statistical significance of gene expression (P-
values < 0.05 and jlog2 fold changej > 1.5) and methylation
changes (jDbj > 0.2) resulted in the identification of 206 dmCpG
sites located in the promoter region of 90 genes. Out of these 90
genes, 6 genes had both hyper- and hypo-methylated sites and
were thus counted twice in analyses. To correct for this, the 6
genes (MGMT, CCNA1, H19, KRT19, IGFBP3, and LIPG) were
manually classified as hyper- or hypo-methylated based on the
methylation status of the CpG site in the promoter region showing
the largest jDbj for each gene. The association between DNA
methylation and gene expression changes indicates that genes
with hypermethylated promoters tend to be downregulated
in the rSCC-61 cell line, with a Pearson correlation of ¡0.11

Figure 1. Radiation resistance is accompanied by a significant increase in DNA methylation. (A) Scatter plot of b methylation comparing rSCC-61 and
SCC-61. Differentially methylated CpG sites in rSCC-61 are primarily hypermethylated, as shown by the data above the diagonal. (B) Pie chart of the
methylation change of all CpG sites in rSCC-61 compared with SCC-61. Approximately 10 times more CpG sites are hypermethylated in rSCC-61 in com-
parison to SCC-61 cells (140,423 vs. 13,291). (C, D) Beta value distribution of rSCC-61 (C) and SCC-61 (D). While over half of the CpG sites in rSCC-61 have
b values greater than 0.8, only 31.6% of CpG sites in SCC-61 have b values greater than 0.8. To see this figure in color, please refer to the online version
of this article.
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(P-value < 2.2E-16, Fig. 3C), which agrees with the previous
findings that DNA methylation at the promoter region generally
tends to suppress gene expression.

Top pathways regulated by genes with statistically
significant dmCpGs and expression patterns

Based on the association between changes of expression and
promoter methylation levels, the differentially expressed genes
described above (84 genes; comparison of rSCC-61 relative to

SCC-61 cells) can be categorized into 4 groups: A) hypermethy-
lated and downregulated genes (HYPER DN); B) hypermethy-
lated and upregulated genes (HYPER UP); C) hypomethylated
and downregulated genes (HYPO DN); and D) hypomethylated
and upregulated genes (HYPO UP) (see Supplemental File 1).
To investigate the functional relevance of the differentially meth-
ylated and expressed genes, we applied Ingenuity Pathway Analy-
sis (IPA). The top 20 canonical pathways from the IPA are
shown in Table 1, and an extensive list can be found in

Figure 2. Functional genomic distribution (A) and neighborhood location (B) of hypermethylated and hypomethylated CpG sites in rSCC-61 relative to
SCC-61. Promoter region is defined as TSS200 and TSS1500 representing sites that are located 200 and 1500 bp, respectively, from a transcription start
site. Intergenic regions are defined as the remainder of locations located between genes. Shores and shelves are composed of CpG methylation sites
located 0–2 kb and 2–4 kb, respectively, from the nearest CpG island; open sea is defined as CpG methylation sites located >4 kb from a CpG island. (C)
Functional genomic distribution of CpG sites located in islands and open sea. To see this figure in color, please refer to the online version of this article.
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Supplemental File 2. ILK signaling, glucocorticoid receptor sig-
naling, fatty acid a-oxidation, and cell cycle regulation were
among the top pathways represented by this dataset.

The potential of epigenetic regulation of the differentially
methylated and expressed genes was then tested by treating
rSCC-61 and SCC-61 cells with 5-aza-2’deoxycitidine (5-Aza) to

decrease DNA methylation, and with cytosine arabinoside
(AraC) to account for the cytotoxic effects of 5-Aza. We focused
first on CCND2 and CDKN1A, two genes involved in cell cycle
regulation and characterized by promoter hypermethylation and
downregulation of gene expression in rSCC-61 cells (Supple-
mental File 1, HYPER DN table). Treatment of rSCC-61 and

Figure 3. Analysis of gene expression and DNA methylation levels in rSCC-61 and SCC-61 cells. (A) Volcano plot showing differentially expressed genes
between rSCC-61 and SCC-61 cell lines. A total of 4,948 genes have measurable expression values (including black, red and blue dots). 3,275 genes have
significantly different expressions (P-value< 0.05) (including red and blue dots). 162 genes have jlog2expression changej > 1.5 and P-value < 0.05 (up-/
downregulated genes, blue dots only). (B) DNA methylation comparisons between rSCC-61 and SCC-61 cell lines, taking into account CpG site promoter
location and changes in gene expression. The compiled plot on top is separated into individual plots for better visualization. Black dots represent 28,030
CpGs on 4,948 gene promoters. Red dots represent 18,233 CpGs on 3,275 gene promoters (gene expressions are significant, P-value < 0.05). Blue dots
represent 2,721 CpGs with methylation changes (jDbj> 0.2) on 1,336 gene promoters. Green dots represent 206 CpGs with methylation changes located
in promoters of genes with regulated expressions. (C) A negative correlation was detected between gene expression changes and methylation changes.
18,233 CpGs on 3,275 gene promoters (gene expressions are significant, P-value < 0.05) yields »5.6 CpGs per promoter. CpG-gene pairs were further
divided into 4 groups: 1. HYPER DN - 123 hypermethylated CpGs located in 55 downregulated genes (red dots); 2. HYPO DN - 18 hypomethylated CpGs
located in 7 downregulated genes (purple dots); 3. HYPO UP - 34 hypomethylated CpGs located in 14 upregulated genes (black dots); and, HYPER UP -
31 hypermethylated CpGs located in 8 upregulated genes (green dots). To see this figure in color, please refer to the online version of this article.
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SCC-61 with 5-Aza increased the levels of CCND2 protein in
rSCC-61 but not in SCC-61 cells (Fig. 4A, the two bands in
SCC-61 cells correspond to unphosphorylated and phosphory-
lated CCND2 species10). On the other hand, AraC treatment of
rSCC-61 or SCC-61 cells resulted in a slight decrease in
CCND2 protein. These results were consistent with the analysis
of 6 CpG methylation sites in the TSS200 promoter region of
CCND2 measured with bisulfite pyrosequencing (Fig. 4B).
Treatment with 5-Aza, but not AraC, decreased CCND2 pro-
moter methylation in rSCC-61 cells, confirming that expression
of this gene is directly regulated by methylation changes in its
promoter region. Western blot analysis of CDKN1A shows a
similar overall trend to CCND2 (Fig. S1 in Supplemental File
3). However, since both 5-Aza and AraC (1 mM) induced an
increase in CDKN1A protein, we have not followed up on the
regulation of the expression of this gene by bisulfite pyrosequenc-
ing studies because it would have been difficult to distinguish
between cytotoxic and methylation effects.

To gain insight into potential upstream regulatory mecha-
nisms driving the expression of the 84 genes other than promoter
methylation changes, we analyzed this data set using the Regula-
tor Effects feature in IPA. The analysis produced a network of
regulators that are predicted to affect the expression of these
genes (Fig. 5A shows a subset of genes of interest; original net-
work is included as Fig. S2 in Supplemental File 3). We sought
validation of the prediction of upstream regulators shown in Fig-
ure 5A using the HumanHT-12 v4 Expression data. Interest-
ingly, STAT1 and KLF4, which are known to promote
expression of CCND2, are both predicted to be downregulated
in rSCC-61 (Fig. 5A) and confirmed to be downregulated by
mRNA expression analysis (Fig. 5B). Other predicted upstream
regulators showed either a similar trend to STAT1 and KLF4

(e.g., IRF1 and EIF2AK2), no change in mRNA expression (e.g.,
AKT, SOCS3) or were contradictory (e.g., NFATC2, VHL)
(Fig. 5B), suggesting alternate modes of regulation such as by
posttranslational modifications. For example, AKT had equal
expression based on mRNA levels but was predicted by this anal-
ysis to be downregulated in rSCC-61. Indeed, we have previously
reported data showing decreased phosphorylation and thus acti-
vation of this signaling protein in rSCC-61, consistent with the
predictions of the Regulator Effects described here.4

Given the potential connection between AKT activation and
cell cycle regulation,11,12 we next investigated whether DNA
hypermethylation may also contribute to downregulation of
AKT phosphorylation. Using the same treatment conditions as
described for CCND2 studies in Figure 4A, we monitored
PTEN expression and AKT phosphorylation by Western blot
analysis. Consistent with our previous report and the prediction
from IPA, AKT phosphorylation was lower in untreated rSCC-
61 cells compared with SCC-61 cells. When treated with increas-
ing concentrations of 5-Aza, rSCC-61 cells displayed a gradual
increase in AKT phosphorylation (Fig. 6A). This increase in
AKT phosphorylation was not evident in AraC-treated cells, con-
firming regulation at the level of DNA methylation. Because
PTEN is a known negative regulator of the AKT pathway, and
since DNA methylation does not directly impact protein post-
translational modifications, we proposed that increased AKT
phosphorylation by 5-Aza treatment was due to decreased PTEN
expression. As shown in Figure 6B, treatment of rSCC-61 cells
with 5-Aza resulted in a gradual decrease in PTEN expression, in
congruence with the changes in AKT phosphorylation. Future
studies will address whether the expression of PTEN gene is con-
trolled directly by methylation in its promoter region or other
potential mechanisms described in the Discussion.

Table 1. Top 20 IPA canonical pathways for differentially methylated and expressed genes in rSCC-61 and SCC-61 cells

Ingenuity Canonical Pathways ¡log(P-value) Molecules

ILK Signaling 3.78E00 PARVB,FERMT2,VIM,MYL6B,PTGS2,ACTG1
Glucocorticoid Receptor Signaling 3E00 SCGB1A1,SGK1,CDKN1A,SMAD4,PTGS2,TSC22D3
Fatty Acid a-oxidation 2.66E00 PTGS2,ALDH7A1
Cell Cycle: G1/S Checkpoint Regulation 2.55E00 CCND2,CDKN1A,SMAD4
GADD45 Signaling 2.51E00 CCND2,CDKN1A
Aryl Hydrocarbon Receptor Signaling 2.48E00 CCND2,CCNA1,CDKN1A,ALDH7A1
VDR/RXR Activation 2.31E00 SERPINB1,CDKN1A,IGFBP3
Cyclins and Cell Cycle Regulation 2.31E00 CCND2,CCNA1,CDKN1A
Estrogen-mediated S-phase Entry 2.31E00 CCNA1,CDKN1A
RAR Activation 2.13E00 DHRS9,IGFBP3,SMAD4,CRABP2
Choline Degradation I 2.06E00 ALDH7A1
Ethanol Degradation II 2.04E00 DHRS9,ALDH7A1
Retinol Biosynthesis 2.01E00 DHRS9,LIPG
Noradrenaline and Adrenaline Degradation 1.99E00 DHRS9,ALDH7A1
Interferon Signaling 1.96E00 OAS1,IRF1
D-glucuronate Degradation I 1.88E00 DCXR
LPS/IL-1 Mediated Inhibition of RXR Function 1.8E00 IL36G,MGMT,HS6ST2,ALDH7A1
LXR/RXR Activation 1.79E00 IL36G,SAA1,PTGS2
Lysine Degradation II 1.66E00 ALDH7A1
Lysine Degradation V 1.66E00 ALDH7A1

Note: Bold indicates upregulated genes. Unbold indicates downregulated genes.
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Analysis of HNSCC patient data
extracted from The Cancer Genome
Atlas (TCGA)

To determine whether our findings
in the SCC-61/rSCC-61 cell model
have broader relevance to radiation
resistance in HNSCC patients, we per-
formed a similar series of analyses using
publicly available data from the NIH-
funded TCGA project. We screened
the TCGA database and selected
HNSCC patients who had both DNA
methylation and gene expression data
available using the following criteria:
HPV status “negative,” perspective col-
lection “yes,” and primary tumors
“yes.” Based on radiation treatment
outcomes, we categorized samples into
sensitive tumors (“complete remission/
response”) and resistant tumors (“stable
disease,” “partial remission/response,”
or “progressive disease”). This screen-
ing yielded data from 27 patients (Sup-
plemental File 4), 4 with radiation-
resistant tumors and 23 with radiation-
sensitive tumors. The level-3 data for
both DNA methylation (Illumina
HumanMethylation450 BeadChip, b
values) and gene expression (Illumina-
Hiseq RNAseq V2, RSEM values) were
downloaded from TCGA for the 27
samples. [Note: The TCGA level-3
data contains NULL entries, represent-
ing probes that overlap with known
SNPs or other genomic variations, or
probes with non-detection probability
(P-value) greater than 0.05.]

DNA methylation. Analysis of the
27 patient samples identified 396,064
CpG sites, with 118,556 CpG sites
located in the promoters of 20,891
genes. For each CpG site, we calcu-
lated the average b value for each
group (radiation-resistant and -sensi-
tive) and identified 2,182 CpG sites
with jDbj > 0.2 located in the pro-
moter region of 1,400 genes. Consis-
tent with the SCC-61/rSCC-61
results, more CpG sites were hyper-
methylated in the radiation-resistant
compared with radiation-sensitive
tumors (1,322 versus 860, respec-
tively) (Fig. 7A and B). Out of 4,383
CpG methylation sites that overlapped between the SCC-61/
rSCC-61 and TCGA data, 1,605 (36.6%) had the same hyper-
or hypo-methylated trend, based on filtering by delta b values

(Fig. 7C). While approximately 25% of these methylation sites
were located in promoter regions, »50% were intergenic with as
yet unknown function.

Figure 4. Targeted analysis of CCND2 regulation by promoter methylation. SCC-61 and rSCC-61 cells
were treated with 0–5 mM 5-Aza or 0–1 mM AraC for 4 days. After this, the cells were either lysed for
Western blot analysis (A) or processed for bisulfite pyrosequencing experiments (B). (A) Quantification
of the Western blots is shown from 3 independent experiments. Only rSCC-61 cells treated with 5-Aza
showed a statistically significant increase in CCND2 protein. (B) Similar to Western blot data, only rSCC-
61 cells treated with 5-Aza (1 mM) produced a decrease in promoter methylation at all sites investigated,
clearly independent of the cytotoxic effects of AraC (1 mM) in control experiments. In panels (A) and (B),
asterisks indicate statistically significant changes [a D 0.05, P-values of 0.01–0.05 (*), 0.001–0.01 (**), or
<0.001 (***)]. In (B), the statistical significance of 5-Aza and AraC changes was calculated relative to the
DMSO control at each methylation site.
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Gene expression. TCGA level-3 data available for the 27
patient samples provided gene expression values (RSEM) for
13,265 genes. After removing the genes with RSEM < 5 across
samples, we calculated the average gene expression in each group
and selected 531 genes as differentially expressed genes with
jlog2fold changej > 1.5 (Fig. 7D).

Relationships between promoter methylation and gene expres-
sion. We analyzed the correlation between gene expression
changes and DNA methylation changes in the promoter
regions. The negative correlation between changes in promoter
methylation and changes in gene expression supports the
observation that DNA methylation at the promoter region

generally tends to suppress gene
expression (Fig. 7E). In addition,
similar to the studies using the SCC-
61/rSCC-61 system, we categorized
the differentially expressed genes,
also containing hyper-/hypo-methyl-
ated CpGs, into 4 groups (Fig. 7E).
Then we performed IPA analysis on
all 45 genes passing the filtering cri-
teria for both changes in promoter
methylation and gene expression
(Table 2). The LXR/RXR pathway
appears in both top 20 canonical
pathways from IPA using cell lines
and patient data. The breakdown of
the 45 genes into the 4 groups: (21)
HYPER DN, (14) HYPO DN, (5)
HYPO UP, and (5) HYPER UP is
shown in Supplemental File 5; the
complete list of IPA canonical path-
ways can be found in Supplemental
File 6.

5-Aza treatment does not increase
DNA damage induced by ionizing
radiation

The global increase in DNA meth-
ylation identified in radiation-resistant
cell lines and patient samples suggests
that this epigenetic modification is
involved in radiation resistance. Other
reports have also indicated that treat-
ment of cancer cell lines with 5-Aza
decreases DNA methylation and
results in increased sensitivity to radia-
tion treatment.13-18 To determine if
global demethylation of rSCC-61
would promote DNA damage and cell
death induced by ionizing radiation,
we treated rSCC-61 cells with 5-Aza
and measured the response to radia-
tion using cell viability assays under
two experimental conditions (Fig. 8A
and 8C, top schemes). Methylation

data (Fig. 8D) show that 4 days of treatment with 5-Aza (1–
3 mM) resulted in a 66% decrease in DNA methylation in
rSCC-61 cells. Based on this analysis, a minimum of 15%
decrease in methylation is expected with 24 h treatment. Treat-
ment with 5-Aza alone in rSCC-61 cells was cytotoxic to cells
and caused 60% or 50% cell death (Fig. 8A and B, respectively,
bottom graphs), similar or lower than the cytotoxicity caused by
the control reagent cytosine arabinoside (AraC) and higher than
radiation alone. Thus, we conclude that 5-Aza did not cause
increased response to radiation in rSCC-61 cells beyond the cyto-
toxic effects of AraC.

Figure 5. IPA predicted upstream regulator network for differentially methylated and expressed genes
in rSCC-61 cells. (A) The complete network obtained from performing the Regulator Effects analysis of
the differentially methylated and expressed genes is shown in Figure S2 in Supplemental File 3. The
AKT-connected subnetwork was extracted and enriched with other relevant components of the AKT
pathway (black boxes). From bottom up in this panel, the molecules in light green are a subset of genes
with downregulated gene expression. Based on these findings, the molecules shown in blue boxes are
predicted by the Regulator Effects analysis to be inhibited, and molecules shown in red are predicted to
be activated. Black lines represent relationship effects (activating or inhibitory) consistent between our
experimental data and IPA literature knowledge, and orange lines represent findings inconsistent with
state of downstream molecule. (B) mRNA expression levels of the predicted genes and cell cycle-related
genes extracted from the HumanHT-12 v4 Expression BeadChip data. Asterisks indicate statistically sig-
nificant changes in gene expression in rSCC-61 relative to SCC-61 cells [a D 0.05, P-values of 0.01–0.05
(*), 0.001–0.01 (**), or <0.001 (***)].
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Since similar or stronger effects were noted with AraC treat-
ment, we reasoned that the methylation changes induced by 5-
Aza are more likely to protect against radiation-induced cell
death (see Fig. 8C, bottom graph). To further support these
findings, we monitored radiation-induced DNA damage in
rSCC-61 cells treated with 5-Aza by Western blot analysis of
phosphorylated gH2AX, a known marker for DNA damage. As
shown in Figure 8B, there was a strong increase in phosphory-
lated gH2AX in response to radiation, which was attenuated in
cells treated with 5-Aza. These results are consistent with the cell
viability assays in Figure 8A and C (bottom graphs). We also
performed similar cell viability assays using SCC-61 cells

(Fig. 8A and C, upper graphs). As expected and reported earlier,
ionizing radiation alone caused more cell death in SCC-61 than
rSCC-61.4 Similar to the results in rSCC-61 cells, 5-Aza treat-
ment did not increase cell death in irradiated SCC-61 cells.
Moreover, when combined with radiation, 5-Aza treatment
caused less cell death compared with the control reagent AraC.

We then attempted to increase DNA methylation in SCC-61
cells using S-adenosylmethionine (SAM), and measured the
response to radiation to determine whether the increased DNA
methylation would increase radiation resistance. Under conditions
that allowed us to observe increased DNA methylation (1 mM
SAM, 5mC% from 0.5 to 0.7%), SAM was highly cytotoxic,

Figure 6. Treatment of rSCC-61 cells with 5-Aza decreases PTEN levels and upregulates downstream AKT signaling. SCC-61 and rSCC-61 cells were
treated with 0–5 mM 5-Aza or 0–1 mM AraC for 4 days. Cells were then lysed for Western blot analysis using indicated antibodies for monitoring AKT
phosphorylation (A) and PTEN expression (B). Treatment of rSCC-61 cells with 5-Aza induced an increase in AKT phosphorylation and a decrease in PTEN
expression independent of its cytotoxic effects seen in AraC control experiments. Quantification of the Western blots is shown from 3 independent
experiments. Asterisks indicate statistically significant changes in pAKT or PTEN at each 5-Aza or AraC concentration relative to the untreated rSCC-61
and SCC-61 cells, respectively [a D 0.05, P-values of 0.01–0.05 (*), 0.001–0.01 (**), or <0.001 (***)].
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impairing our ability tomeasure the effects of increasedmethylation
on radiation response in this cell line. Lowering the SAM concen-
tration to 100 mM, as reported in other studies, allowed us to

perform cell viability experiments.19 As
shown in Fig. 8C (middle graph), SAM
treatment had a minimal effect on the
response to radiation at 2 Gy, and virtually
no effect at 4 Gy.

Discussion

Epigenetic mechanisms such as DNA
methylation are essential for the regula-
tion of gene expression in normal mam-
malian development; aberrant epigenetic
alterations have been linked to many
pathological conditions, including can-
cer.20 Development of technologies that
allow for genome-wide investigation of
DNA methylation has significantly
increased the number of investigations
into the function of methylation changes
in cancer development and response to
therapies. Since radiation is an important
modality of cancer treatment, its effects
on DNA methylation and the role of
DNA methylation in radiation resistance
have been investigated by a number of
groups. These studies indicate that radia-
tion induces substantial changes in DNA
methylation. Although these changes are
dynamic and depend on many factors
(e.g., radiation dose, sex, tissue), the
analysis of differentially methylated
genes shows a common enrichment in
cell cycle, DNA repair, and apoptosis
pathways.21-25 For example, Kim et al.
analyzed the DNA methylation profile
of two non-small cell lung cancer cell
lines, the radiation-sensitive H460 and
radiation-resistant H1299 cell lines, and
found a higher proportion of hyperme-
thylation in radiation-resistant cells.26

This work used cell lines derived from
patients with different genetic back-
grounds, and lacked in vivo validation of
the findings. To overcome these limita-
tions, in the present study we paralleled
the analyses in matched HNSCC cells
with those using tumor data from
HNSCC patients extracted from TCGA.
The goals of our studies were two-fold:
first, to establish global DNA hyperme-
thylation as a biomarker of radiation
resistance in HNSCC, and second, to
identify pathways regulated by DNA

promoter methylation that may contribute to the radiation resis-
tance phenotype. The results are supported by a series of

Figure 7. Gene expression and DNA methylation levels in TCGA samples. (A) Volcano plot showing
differences in DNA methylation between radiation-resistant and radiation-sensitive HNSCC tumors.
2,182 CpG sites, located in 1,400 gene promoters, had methylation changes (jDbj > 0.2), including
1,322 hyper- and 860 hypo-methylated ones (blue dots). (B) Histogram of promoter CpG methylation
changes (resistant tumors – sensitive tumors). (C) Summary table of CpG methylation sites overlap-
ping between the SCC-61/rSCC-61 cells and radiation-sensitive or radiation-resistant HNSCC tumors.
(D) Gene expression comparison between radiation-sensitive or radiation-resistant HNSCC tumors
using a volcano plot. To reduce noise, we filtered out the genes with RSEM< 5 for both groups
(RSEM of one gene for each group is the average RSEM over all samples). This decreased the number
of genes to 12,985. Out of these, 531 genes had a significantly changed expression (jlog2fold-
changej > 1.5) (blue dots). (E) A negative correlation was detected between gene expression
changes and DNA methylation level changes. Further analysis divided the CpG-gene pairs into 4
groups: 1. HYPER DN - 34 hypermethylated CpGs located in 21 downregulated genes (red dots); 2.
HYPO DN - 19 hypomethylated CpGs located in 14 downregulated genes (purple dots); 3. HYPO UP -
5 hypomethylated CpGs located in 5 upregulated genes (black dots); and, HYPER UP - 6 hypermethy-
lated CpGs located in 5 upregulated genes (green dots).
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validation experiments showing epigenetic regulation of genes
involved in cell cycle control and other relevant pathways.

Consistent with the findings of Kim et al., we observed similar
patterns of increased DNA methylation in both radiation-resis-
tant cells and radiation-resistant HNSCC tumors. The mecha-
nisms driving hypermethylation and the implications of
hypermethylation in radiation resistance are mostly unknown.
Mechanistically, global DNA methylation is regulated by many
factors, including the level and activity of DNMTs. Expression
of the DNMT3B gene was increased in rSCC-61 cells, providing
a partial explanation for the differences in DNA methylation.

Several studies have investigated the complex relationship
between DNMTs activities, redox microenvironment and DNA
methylation status.27 One of these studies demonstrated DNA
dehydroxymethylase activity of DNMT3A and DNMT3B under
oxidative conditions converting 5-hydroxymethylcytosine
(5hmC) to cytosine.28 In an earlier study, Turk et al. reported
that DNA adduct 8-hydroxyguanine, which is also formed by
oxidation, impairs the methylation of cytosines at CpG sites.29

We previously reported increased levels of reactive oxygen species
in SCC-61 compared with rSCC-61 cells, and increased labeling
with the redox-sensitive probe BP1 in radiation-sensitive vs.
-resistant HNSCC tumors.4 Thus, it is feasible that differences in
DNA methylation observed in both cell culture and tumor tissues

reported here have common redox-regulated mechanisms, which
will be the topic of future studies.

To begin to address the function of dmCpGs in radiation
resistance, we first determined their distribution across the
genome. The most striking finding was in the pattern of neigh-
borhood location, with the hypermethylated sites in radiation-
resistant cells being primarily located in the open sea and the
hypomethylated sites primarily located in CpG islands. Although
a significant proportion of the hypermethylated CpGs in the
open sea were assigned to sites in the intergenic regions, more
than 50% of sites were located in regions with known function
in the regulation of gene expression (e.g., enhancers). Previous
studies have shown that methylation at CpG sites other than
CpG islands is more dynamic than methylation in CpG islands
and occurs in tissue-specific and cancer-specific ways.30,31 How-
ever, regardless of the neighborhood location of promoter meth-
ylation sites, DNA methylation in the promoter region is most
often associated with downregulation of gene expression.32 Con-
sistent with this, our data examining the relationship between
gene expression and promoter methylation using cell lines and
patient samples revealed a negative correlation.

Genes that were characterized by both significant changes in
the promoter methylation and gene expression were further ana-
lyzed using IPA and the Regulator Effects tool within the IPA.
We found the “Cyclins and Cell Cycle Regulation” pathway to
be among the top pathways identified by this analysis and AKT
as top upstream regulator of proteins involved in these pathways.
These results are not surprising, given the importance of cell cycle
regulation in radiation resistance and the known relationship
between AKT activity, CDKN1A, and Proliferating Cell Nuclear
Antigen (PCNA), involved in DNA replication and repair.11,12,33

IPA analysis also identified LXR/RXR activation in the top 20
canonical pathways using both cell culture and tumor tissue data.
Although this pathway has not been directly linked to radiation
resistance, its target genes are involved in cholesterol and lipid
metabolism,34 including fatty acid synthase (FASN). We have
shown that regulation of cholesterol and lipid metabolism is
important for radiation response and FASN protein is highly
upregulated in rSCC-61.4 Further investigations into the LXR/
RXR pathway and the regulation of cholesterol and lipid metabo-
lism may reveal the mechanism by which this pathway contrib-
utes to radiation response.

To further validate DNA methylation as a regulator of pro-
teins controlling cell cycle, we used 5-Aza, a deoxycytidine analog
that induces DNA hypomethylation.35,36 As a demethylating
agent, 5-Aza is generally thought to increase gene expression by
decreasing methylation at CpG islands in the promoter region.
However, the effect of 5-Aza on gene expression depended on
the cell type and the specific gene tested, sometimes inducing a
decrease in gene expression.37,38 Another confounding factor in
studies using 5-Aza is the need to distinguish between its deme-
thylating and cytotoxic effects, which both could induce changes
in protein levels. For example, the targeted analysis included here
shows that treatment of rSCC-61 with low doses of 5-Aza
increased the protein levels of both CCND2 and CDKN1A.
However, while the AraC treatment also increased the CDKN1A

Table 2. Top 20 IPA canonical pathways for differentially methylated and
expressed genes in radiation-resistant and -sensitive HNSCC tumors

Ingenuity Canonical
Pathways ¡log(P-value) Molecules

PAK Signaling 3.04E00 PIK3CG,EPHA3,TNF
IL-6 Signaling 2.71E00 IL1R2,PIK3CG,TNF
LXR/RXR Activation 2.66E00 IL1R2,LPL,TNF
IL-9 Signaling 2.62E00 PIK3CG,TNF
IL-12 Signaling and

Production in
Macrophages

2.52E00 ALOX15,PIK3CG,TNF

Docosahexaenoic Acid (DHA)
Signaling

2.5E00 ALOX15,PIK3CG

3-phosphoinositide
Biosynthesis

2.36E00 PPP1R1B,PIK3CG,PTPRN

MSP-RON Signaling Pathway 2.36E00 PIK3CG,TNF
Tec Kinase Signaling 2.33E00 PIK3CG,TNF,FGR
Ephrin A Signaling 2.32E00 PIK3CG,EPHA3
NF-kB Signaling 2.22E00 IL1R2,PIK3CG,TNF
Superpathway of Inositol

Phosphate Compounds
2.1E00 PPP1R1B,PIK3CG,PTPRN

Eicosanoid Signaling 2.1E00 ALOX15,FPR2
IL-15 Signaling 2.06E00 PIK3CG,TNF
IL-10 Signaling 2.03E00 IL1R2,TNF
Ceramide Signaling 1.9E00 PIK3CG,TNF
PPAR Signaling 1.76E00 IL1R2,TNF
Glucocorticoid Receptor

Signaling
1.74E00 IL1R2,PIK3CG,TNF

HIF1a Signaling 1.69E00 PIK3CG,MMP10
Renin-Angiotensin Signaling 1.64E00 PIK3CG,TNF

Note: Bold indicates upregulated genes. Unbold indicates downregulated
genes.
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Figure 8. For figure legend, see page 557.
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protein, it did not affect CCND2. Further analysis of CCND2
promoter methylation confirmed the regulation of this gene’s
expression by methylation. Our studies also revealed the presence
of both unphosphorylated and phosphorylated CCND2 species
in SCC-61, suggesting posttranslational mechanisms of CCND2
regulation independent of DNA methylation.

Since AKT was predicted by the IPA Regulator Effects analy-
sis to be an upstream positive regulator of CDKN1A, we investi-
gated AKT phosphorylation in the presence of 5-Aza and AraC.
AKT phosphorylation was increased by 5-Aza but not AraC,
leading to the conclusion that DNA methylation is involved in
the regulation of AKT phosphorylation.

We then investigated whether PTEN expression, a known
upstream regulator of AKT phosphorylation, is controlled
(directly or indirectly) by DNA methylation. PTEN expression
showed dose-dependent changes, decreasing with 5-Aza treat-
ment and showing virtually no change with AraC treatment in
rSCC-61 cells. Although the mechanism of PTEN repression by
demethylation is unclear and remains to be further investigated,
several studies have shown decreased gene expression after treat-
ment of 5-Aza or 5-azacytidine and provided possible explana-
tions.39-41 Ando et al. reported that 5-Aza decreased P-
glycoprotein expression in leukemia cells as a result of demethyla-
tion at the repressor binding sites.39 Kitagawa et al. demonstrated
that 5-Aza repressed hTERT transcription in prostate cancer
cells, possibly due to reactivation of upstream inhibitor p16.40

Both mechanisms could be relevant for regulation of PTEN lev-
els in the system described here. In one mechanism, hypomethy-
lation at CpG sites in the promoter region of PTEN caused by 5-
Aza treatment would allow repressor access and inhibition of
expression. In the other mechanism, DNA hypomethylation
would upregulate a PTEN transcriptional repressor, thus decreas-
ing the expression of the PTEN gene and PTEN protein content.
The epigenetic regulation of PTEN and its upstream effectors
remain to be studied.

Activation of the AKT pathway has been associated with radi-
ation resistance in vivo and in vitro.42-45 In patients with oral
squamous cell carcinoma treated with radiation therapy after sur-
gery, activity of the Ras/PI3K/AKT pathway was negatively cor-
related with disease-free survival.46 In our SCC-61/rSCC-61
system, rSCC-61 cells were characterized by lower AKT phos-
phorylation and higher PTEN expression, demonstrating that
activation of the AKT pathway is not always the driving force for
radiation resistance and alternative mechanisms for radiation
resistance might exist. Our results suggest that concerted

regulation of cell cycle proteins and AKT could be the driving
force for cell proliferation and radiation response in the SCC-61/
rSCC-61 system. We recently reported increased proliferation of
rSCC-61 compared with SCC-61 cells and G2/M arrest in SCC-
61 cells exposed to radiation.4,47 Neither one of the two cell lines
underwent G1/S arrest with ionizing radiation.

The data presented here provide a potential lead into future
mechanistic investigations regarding cell cycle control in this sys-
tem. The mRNA expression data showed significantly higher lev-
els of CCND2 and CDKN1A in SCC-61 and high levels of
CDK4 in both SCC-61 and rSCC-61 cells (Fig. 5B). Reed et al.
reported that increased CDK4 could titrate the CDKN1A in cells
and enable the cells to bypass G1/S arrest when exposed to ioniz-
ing radiation.48 Rossig et al. identified AKT as an upstream regu-
lator of CDKN1A, which phosphorylates this protein and
inhibits its binding to CDK4.12 Thus, it is feasible that SCC-61
and rSCC-61 cells bypass G1/S arrest by the two distinct mecha-
nisms described by Rossig et al. and Reed et al., but involving
the same key components whose expression and activity might be
controlled at epigenetic level.

Based on differences in global methylation between radiation-
resistant and radiation-sensitive cells and tumors, 5-Aza treat-
ment would be expected to enhance response to radiation. How-
ever, the cell viability studies described here using ionizing
radiation without or with pretreatment with 5-Aza or AraC did
not show increased cell death beyond the expected cytotoxic
effects of AraC. These results were consistent with the measure-
ment of the DNA damage marker phospho-gH2AX, which was
not increased in cells pretreated with 5-Aza and exposed to radia-
tion compared with cells exposed to radiation alone. Interest-
ingly, treatment of SCC-61 cells with 5-Aza also did not increase
cell death beyond the effects of radiation alone. When compared
with AraC profiles, it is possible that 5-Aza protected cells from
the combined effects of drug cytotoxicity and radiation.

Most studies investigating the effect of 5-Aza treatment on the
response to radiation conclude that 5-Aza increases radiation sen-
sitivity of cancer cells,13-18,49 although the opposite has been
described as well.50 Our data demonstrate that while radiation
resistance phenotype is clearly associated with global hyperme-
thylation, the mechanisms by which DNA methylation drives
radiation resistance are complex and involve targeted control of
DNA methylation. Cumulatively, the studies reported here add
to the literature by bringing into focus the nuanced complexity
of relationships between the amplitude and location of DNA
methylation within the broad genome context and expression of

Figure 8 (See previous page). Treatment with 5-Aza does not enhance radiation-induced DNA damage and cell death. (A) SCC-61 and rSCC-61 cells
were incubated with 2 mM of 5-Aza or AraC overnight and then irradiated with a single dose of 2, 4, or 8 Gy. Cell viability was determined at 72 h post-
irradiation using an MTT assay. (B) rSCC-61 cells were incubated with 2 mM 5-Aza for 4 days and then irradiated with a single dose of 2 Gy. Cell lysates
were collected at 15 min and 3 h post-irradiation and subjected to Western blot analysis using antibodies against p-g-H2AX and GAPDH. (C) SCC-61 and
rSCC-61 cells were incubated with 2 mM 5-Aza, 2 mM AraC, or 100 mM SAM for 4 days (refreshing the medium every other day), and treated with a single
dose of 2 or 4 Gy irradiation starting on the second day. Cell viability was determined at 72 h post-irradiation using an MTT assay. In both (A) and (C),
asterisks indicate statistically significant changes in cell viability for 5-Aza- and AraC-treated cells at each radiation treatment condition relative to the
DMSO control [a D 0.05, P-values of 0.01–0.05 (*), 0.001–0.01 (**), or <0.001 (***)]. (D) rSCC-61 cells were incubated with 0–10 mM 5-Aza for 4 days and
5-methylcytosine levels were measured using MethylFlash Methylated DNA Quantification Kit. Increasing concentrations of 5-Aza decreased global DNA
methylation. Data are from 2 independent experiments. Asterisks indicate statistically significant changes [a D 0.05, P-values of 0.01–0.05 (*), 0.001–0.01
(**), or <0.001 (***)].

www.tandfonline.com 557Epigenetics



genes controlling cell growth and response to therapies. While
global demethylation may function as radiation sensitizer in
some cases, targeted manipulation of CpG methylation would
most likely be required to enhance radiation responsiveness.

Materials and Methods

Materials
Antibodies were obtained from the following sources: anti-p-

Akt (T308) (Cell Signaling #13038), anti-Akt (Cell Signaling
#4691), anti-p-GSK-3a/b (S21/9) (Cell Signaling #9331), anti-
PTEN (Cell Signaling #9188), anti-b-actin (Cell Signaling
#4970), anti-GAPDH (EMD Millipore ABS16), anti-CCND2
(Santa Cruz Biotechnology sc-181), anti-CDKN1A (Santa Cruz
Biotechnology sc-397), and anti-p-gH2AX(S139/Y143) (Cell
Signaling #5438). DMEM/F12 (1:1) media (Cat. No. 11330)
and Pen/Strep (Cat. No. 15140) were purchased from Gibco
(Invitrogen). Fetal Bovine Serum (FBS) was purchased from
Atlanta Biologicals (Cat. No. S11150). DNA QIAamp DNA
Mini kit (Cat. No. 51304) and RNeasy Plus Mini kit (Cat. No.
74134) were purchased from Qiagen. 5-Aza (Cat. No. A3656),
AraC (Cat No. C1768), and SAM (Cat. No. A7007) were pur-
chased from Sigma Aldrich. DMSO was purchased from Fisher
Scientific (Cat. No. BP231). MethylFlash Methylated DNA
Quantification kit was purchased from Epigentek (Cat. No. P-
1034). SuperSignal West Pico Chemiluminescent substrate was
purchased from Thermo Scientific (Cat. No. 34080). Western-
Bright ECL HRP substrate was purchased from Advansta (Cat.
No. K-12045-D50). PhosSTOP phosphatase inhibitor cocktail
tablets (Cat. No. 04906835001) and cOmplete protease inhibi-
tor cocktail tablets (Cat. No. 04693159001) were purchased
from Roche. Protran nitrocellulose transfer membrane
(0.45 mm) was purchased from PerkinElmer (Cat. No.
NBA085C001EA).

Cell culture and treatment
The development of the SCC-61/rSCC-61 matched model

system of radiation resistance in HNSCC was described previ-
ously.4 Both cell lines were cultured in the DMEM/F12 (1:1)
medium (Gibco Cat. No. 11330) supplemented with 10% FBS
(Atlanta Biologicals Cat. No. S11150) and 1% Pen Strep (Gibco
Cat. No. 15140) at 37 �C with 5% CO2. Where applicable, radi-
ation treatment was performed using a 444 TBq 12,000 Ci self-
shielded 137Cs (Cesium) irradiator. Culture dishes were placed
on a styrofoam insert within the chamber of the irradiator, such
that the distance from the Cs source results in a homogenous
dose distribution over the desired field, with a dose rate of 392
rad/min. From the dose rate, the exposure time required to
deliver the desired dose was calculated and input into the irradia-
tor. To manipulate the DNA methylation in SCC-61 and rSCC-
61 cells, the cells were incubated with indicated concentrations
of 5-Aza (Sigma Aldrich Cat. No. A3656), AraC (Sigma Aldrich
Cat. No. C1768), or DMSO (Fisher Scientific Cat. No. BP231)
for 4 days, refreshing the medium every other day. For the cell
viability assay, cells were treated with 2 mM 5-Aza, 2 mM AraC,

or 100 mM SAM (Sigma Aldrich Cat. No. A7007) overnight
before irradiation or for 4 days, with the irradiation starting on
the second day of treatment. For CCND2 bisulfite pyrosequenc-
ing studies, the cells were treated with 1 mM 5-Aza or 1 mM
AraC for 4 days, refreshing the medium every other day.

Illumina HumanMethylation450 BeadChip
DNA purified from SCC-61 and rSCC-61 cells using the

DNA QIAamp DNA Mini kit (Qiagen Cat. No. 51304) was
sent to the core facility at University of Southern California Epi-
genome Center for HM450 BeadChip (Illumina, Inc.) analysis.
DNA extracted from each cell line (1 mg) was modified with
bisulfite treatment, amplified, fragmented, and analyzed for CpG
methylation using the HM450 BeadChip. The Illumina HM450
methylation assay examines the DNA methylation status of
485,577 CpG sites. Using the R package “FDb.InfiniumMethy-
lation.hg19,” Illumina identifiers were mapped to the hg19
genome build.50 The probes with detection levels above back-
ground across all samples (detection P < 0.05) were kept. Meth-
ylation levels of each CpG are represented by a b value,
computed with (M/(MCUC100)), where M and U represent
the methylated and unmethylated signals. CpG sites were consid-
ered as hypermethylated and hypomethylated if the methylation
level changes (Db) between samples were detected greater than
0.2 and less than ¡0.2, respectively. The annotation of neighbor-
hood regions was obtained by following the guidelines on the
UCSC genome browser.51 CpG islands were identified by scor-
ing each dinucleotide (C17 for CG and ¡1 for others). Segments
with highest scores were then analyzed for GC content (>50 %),
length (>200 bp), and ratio of observed to expected number of
CG dinucleotides (>0.6) according to the formula: Obs/Exp
CpG D Number of CpG * N / (Number of C * Number of G)
where N D length of sequence.52

Measurement of CpG methylation in the TSS200 promoter
region of CCND2 using bisulfite pyrosequencing

Pyrosequencing DNA (400 ng/cell line and treatment) was
bisulfite-treated using the Zymo EZ DNA Methylation Light-
ning kit (Zymo Cat. No. D5030) and PCR primers were
designed using the Pyromark Assay Design Software (Qiagen).
One mL of bisulfite treated DNA was amplified using the Bioline
EPIKTM Amplification kit (BiolineCat. No. BIO-66025) in a
BioRad C1000 thermal cycler. The following gene-specific pri-
mers were designed to target CpG sites in the TSS200 promoter
region of the gene analyzed by the BeadChip: CCND2 (chromo-
some:NCBI36:12:4251399: 4285377:1) coordinates 4252151
and 4252143. Primers for pyrosequencing were: FWD50-
AGTAGGTTTTTAGGGAGAAAGTTTGG -30, REV Biot-50-
AAACACCACCACCCCTTCCTTT-30, SEQ50- TTTTTAGG-
GAGAAAGTTTG-30. Additional CpG sites not analyzed by the
BeadChip were assessed in the pyrosequencing assay due to their
proximity to the CpG sites of interest. Single stranded products
were prepared for pyrosequencing by PyroMark vacuum prep
tool (Qiagen). Pyrosequencing reactions were performed using a
PyromarkQ24 system (Qiagen) according to the manufacturer’s
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instructions. Data were analyzed using Pyromark Q24 software
for percent methylation at the CpG sites interrogated.

HumanHT-12 v4 expression beadChip
Total RNA was extracted and purified from SCC-61 and

rSCC-61 cells using the RNeasy Plus Mini kit (Qiagen Cat. No.
74134). The quality of extracted total RNA was assessed by the
260/280 absorbance ratios and by RIN (RNA integrity number)
measured using the Agilent BioAnalyzer System. The analysis
was based on 3 biological replicates for each cell line. The 260/
280 absorbance ratios varied between 2 and 2.1 and the RIN val-
ues between 9.4 and 10. All samples were assayed with the
HumanHT-12 v4 Expression BeadChip (Illumina, Inc.) and
read on an iScan array reader (Illumina, Inc.). This microarray
assays over 47,000 probes spanning approximately 30,000 genes.
Sample intensities were determined and preliminary quality con-
trol analyses were performed with the GenomeStudio software
(Illumina, Inc.). Probes with detection P-values less than 0.05
were kept for future analysis and annotated with human genome
version hg19 of the human genome. Gene expression compari-
sons between samples were calculated with Limma module of
Bioconductor, using linear models and Bayes methods to assess
differential expression. Genes were considered to be significantly
expressed if the associated P-values were less than 0.05 and log2-
based expression change was greater than 1.5 or less than ¡1.5.
The P-values for gene expression changes were corrected for mul-
tiple tests using the Benjamini and Hochberg method.53

5-methylcytosine (5mC) measurement
DNA purified from cells was subjected to DNA methylation

analysis using MethylFlash Methylated DNA Quantification Kit
(Epigentek Cat. No. P-1034), following the manufacturer’s
instructions.

Western blot analysis
Cells were lysed with RIPA buffer (50 mM Tris-HCl, pH 7.4;

1% NP40; 150 mM NaCl; 0.5% sodium deoxycholate; 0.1%
SDS) supplemented with protease and phosphatase inhibitors
(Roche Cat. No. 04693159001 and 04906835001). The lysates
were incubated on ice for 1 h followed by centrifugation at
10,000 g for 10 min. Equal amounts of total protein were sub-
jected to SDS-PAGE and then transferred to a Protran nitrocellu-
lose transfer membrane (0.45 mm, PerkinElmer Cat. No.
NBA085C001EA). Blots were blocked in 5% non-fat milk or
BSA and probed with the appropriate antibodies. Immunoreac-
tive bands were visualized using SuperSignal West Pico (Thermo
Scientific Cat. No. 34080) or WesternBright ECL (Advansta
Cat. No. K-12045-D50). Band intensity was quantified using
ImageJ densitometric analysis. Statistical analysis (Student’s t-
test, one-tailed, paired) was based on 3 biological replicates using
Excel 2010. Asterisks indicate statistically significant changes
[a D 0.05, P-values of 0.01–0.05 (*), 0.001–0.01 (**), or
<0.001 (***)].

Correlation of gene expression with DNA methylation
Genes with significant changes in expression (P-value < 0.05)

were categorized into 4 groups based on their changes in gene
expression and methylation levels (Db): 1) hypermethylated and
upregulated genes (Db > 0.2 and log2 fold change > 1.5), 2)
hypermethylated and downregulated genes (Db > 0.2 and log2
fold change < ¡1.5), 3) hypomethylated and upregulated genes
(Db < ¡0.2 and log2 fold change > 1.5) and hypomethylated
and downregulated genes (Db < ¡0.2 and log2 fold change <
¡1.5).

Selection of HNSCC patients from the TCGA database
To illustrate the consistency between our observations based

on cell lines and patient samples, we selected patient data from
TCGA based on the available clinical information and following
criteria: HPV-, Perspective collection: yes, Primary tumors: yes. We
also removed the patients that had a conflict between Tumor sta-
tus and Treatment outcome first course (e.g., With Tumor/Com-
plete Response) and patients who did not have both DNA
methylation and gene expression data collected. Filtering by these
criteria yielded data from 4 patients with radiation-resistant
tumors and 23 patients with radiation-responsive tumors (Sup-
plemental File 4), which were used for the analysis.
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