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Oncogenic human papillomaviruses (HPV) are associated with nearly all cervical cancers and are increasingly important
in the etiology of oropharyngeal tumors. HPV-associated head and neck squamous cell carcinomas (HNSCC) have distinct
risk profiles and appreciate a prognostic advantage compared to HPV-negative HNSCC. Promoter hypermethylation is
widely recognized as a mechanism in the progression of HNSCC, but the extent to which this mechanism is consistent
between HPV(+) and HPV(-) tumors is unknown. To investigate the epigenetic regulation of gene expression in HPV-
induced and carcinogen-induced cancers, we examined genome-wide DNA methylation and gene expression in HPV(+)
and HPV(-) SCC cell lines. We used two platforms: the Illumina Infinium Methylation BeadArray and tiling arrays, and
confirmed illustrative examples with pyrosequencing and quantitative PCR. These analyses indicate that HPV(+) cell lines
have higher DNA methylation in genic and LINE-1 regions than HPV(-) cell lines. Differentially methylated loci between
HPV(+) and HPV(-) cell lines significantly correlated with HPV-typed HNSCC primary tumor DNA methylation levels. Novel
findings include higher promoter methylation of polycomb repressive complex 2 target genes in HPV(+) cells compared
to HPV(-) cells and increased expression of DNMT3A in HPV(+) cells. Additionally, CDKN2A and KRT8 were identified as
interaction hubs among genes with higher methylation and lower expression in HPV(-) cells. Conversely, RUNX2, IRS-1
and CCNAT were major hubs with higher methylation and lower expression in HPV(+) cells. Distinct HPV(+) and HPV(-)

epigenetic profiles should provide clues to novel targets for development of individualized therapeutic strategies.

Introduction

Squamous cell carcinomas (SCCs) have a complex etiology that
includes life style behaviors, classical chemical carcinogenesis and
infection with high risk human papillomaviruses (HPV). The
role of HPV in the etiology of SCC of the uterine cervix has been
known for many years, but increases in the incidence of oropha-
ryngeal cancer' are associated with high risk HPV.? Each year,
there are an estimated 644,000 new cases of head and neck can-
cers diagnosed worldwide, with approximately 40,000 per year
in the US.? HPV(+) oropharynx cancers differ dramatically from
HPV(-) oropharyngeal and oral cancers that arise from exces-
sive tobacco and alcohol exposure.?#7 These differences include
a predilection of HPV(+) tumors to have early metastasis to the
lymph nodes of the neck,® a propensity for rapid growth and poor
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differentiation.” HPV(+) tumors are also generally more respon-
sive to treatment and high cure rates can be achieved.'” In con-
trast, HPV(-) SCC of the oral cavity and oropharynx tend to
progress locally and exhibit greater resistance to treatment with
chemotherapy and radiation. Additionally, these tumors have
poor survival rates (-50%) in spite of advances in surgical tech-
nology and sophisticated chemotherapy and radiation oncology
methods."

Thus, it’s not surprising that the development of head and
neck cancer follows at least two distinct molecular pathways
depending upon tumor HPV status. A striking example of this
is the frequent loss of CDKN2A by chromosomal deletion, muta-
tion or promoter hypermethylation in HPV(-) tumors, in con-
trast to high CDKN2A expression in HPV(+) tumors.'? Although
DNA methylation of the viral genome has been implicated both
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as a mechanism for masking the virus from the host cell and as
a defense mechanism for the host cell, little is known regarding
viral-induced changes in DNA methylation of the host genome
as part of the carcinogenic pathway. Promoter hypermethylation
studies have largely evaluated a limited number of candidate genes
in HNSCC."*" Most were selected based on functional relevance
in carcinogenesis in multiple tumor types, some of which are
shown to be frequently methylated in HNSCC (p16, e-cadberin,
RARB, MGMT, DAP-kinase, DCC, GALRI, GALR?2) and rarely
methylated in HNSCC (RASSFIA, p73, p53, MLHI). Richards,
et al. looked at global differences in CpG methylation in repeti-
tive regions among HPV(+) and HPV(-) HNSCC tumors and
found higher LINE-1 methylation and higher genomic stability
among HPV(+) tumors.' Other epigenetic differences specific to
HPV(+) tumors are less well described. Molecular studies com-

paring gene expression in HPV(-) and HPV(+) HNSCC tumors

show distinct genomic signatures?!

reflecting underlying het-
erogeneous somatic genetic and epigenetic alterations. To date,
nearly all studies have examined only one or two of the several
possible genomic or epigenomic mechanisms leaving a major gap
in our knowledge. To fully understand carcinogenic pathways it
will be necessary to perform simultaneous assessment of the mul-
tiple mechanisms that can regulate gene expression.

Technological advances allow for a relatively unbiased inter-
rogation of the entire genome to identify the constellation of
genomic loci with altered epigenetic status. Recent studies have
compared gene expression differences in HPV(+) and HPV(-) in
HNSCC tumors,? but there are no known studies of concur-
rent genome-wide methylation and gene expression in HPV(+)
and HPV(-) tumors. Therefore, we compared the genome wide
differences in DNA methylation (focusing on non-repetitive
regions using whole genome tiling arrays and the Illumina
Infinium HumanMethylation27 BeadArray) and gene expres-
sion in two HPV(+) and two HPV(-) squamous carcinoma cell
lines. Using cell lines allowed us to identify the permanently
affected gene expression profiles associated with the transforma-
tion mechanisms and avoid genetic changes that may be contrib-
uted by contaminating cells from tissue samples.

Results

Overall differences in methylation patterns between HPV(+)
and HPV(-) SCC cells. We evaluated overall distributional dif-
ferences in DNA methylation between HPV(+) and HPV(-) cells
in promoter regions (Illumina Infinium arrays) and genome-
wide non-repetitive regions (MeDIP-tiling arrays). Overall, the
HPV(+) cells showed greater levels of CpG methylation than the
HPV(-) cells. This difference was exhibited by a strong trend in
the Illumina methylation data covering mainly promoter regions,
although in treating each sample as random, it did not reach sta-
tistical significance (p = 0.08, Figs. 1A, B and Sup. Fig. 1). The
MeDIP-tiling approach revealed that this trend is stronger in
promoter regions than in other non-repetitive regions (Fig. 1C).
We estimate that approximately 10-times more genic regions
are more highly methylated in HPV(+) than in HPV(-) cells
(Fig. 2A and B). Unsupervised hierarchical clustering of the
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[lumina Infinium data, filtered based on three different levels
of standard deviation of % methylation values across all four
cell lines (see methods), was able to clearly separate the samples
according to their HPV status (Sup. Fig. 2). Analysis of LINE-1
elements, repetitive elements that serve as a measure of global
methylation, also revealed higher methylation in HPV(+) com-
pared to HPV(-) cells (44% and 46% for HPV(-) vs. 76% and
78% for HPV(+) cell lines). Thus, HPV(+) cells had higher CpG
methylation both in non-repetitive regions (genic and non-genic)
and in repetitive regions.

Expression differences in HPV(+) and HPV(-) cells. Of the
300 differentially expressed probe sets (248 unique genes) (2-fold
with p-value < 0.01), 99 probe sets were upregulated in HPV(-)
cells and 201 upregulated in HPV(+). We identified 183 concepts
(biologically-related gene sets) as significantly upregulated in
HPV(+) cells and 113 as significantly upregulated in HPV(-) cells
(FDR < 0.05) using LRpath analysis (Sup. Table 3). Of these,
the most significant chromosomal region we identified was 9p24
(p-value = 6.3 x 10"7; odds ratio = 129.0), which we observed
to be lower expressed in HPV(-) cells. This region contains the
genes UHRF2 (Nirf), C9orf123, C9orf46, CDC3711, a cell divi-
sion gene, RIN2, CIP150 and PPAPDC2. We also showed that
the Pfam family of core histones was significantly upregulated in
HPV(-) cells (p = 1.3 x 107).

Using ConceptGen software,? to test for publicly available
gene expression datasets that have significant overlap of dif-
ferentially expressed genes with our experiment, we found that
genes downregulated in gefitinib-resistant cells (GEO identifier
GSE10696) were the most significant group enriched with over-
expressed genes in HPV(+) cells. This observation is consistent
with the better response rate to anti-EGFR therapy in orophar-
ynx cancers [many of which are HPV(+)] in the “Radiotherapy
plus Cetuximab for Squamous-Cell Carcinoma of the Head and
Neck” trial (ClinicalTrials.gov number NTC00004227).%

Integrating methylation and expression data. There is an
inverse correlation between methylation and expression, i.e.,
genes with higher expression in HPV(+) cells tended to have less
methylation in HPV(+) cells (Fig. 2C, upper left petal/quadrant)
and genes with decreased expression in HPV(+) tended to be
more highly methylated in HPV(+) cell lines (Pearson correla-
tion coefficient = -0.21, p-value < 10%°). Although the correla-
tion may seem low, it must be interpreted in light of the fact that
many genes are regulated by means other than promoter meth-
ylation. In general, genes more highly methylated in HPV(+)
tumors tended to have low average expression levels across all
four cell lines (Fig. 2A and D). In contrast, genes with higher
promoter methylation in HPV(-) cells tended to be genes with
mid to high expression level across all four cell lines (Fig. 2B
and D). To prioritize candidate genes for being drivers of the
carcinogenic process specific to HPV(+) or HPV(-) tumors, we
characterized the sets of genes in the top left and bottom right
quadrants of Figure 2C in terms of pathways and other biological
concepts enriched with these genes. As described in the meth-
ods, 28 genes were chosen from the top left quadrant and 75
genes from the bottom right quadrant to characterize using func-
tional (gene set) enrichment testing and interaction networks.
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Figure 1. Global methylation in HPV(+) and HPV(-) cell lines. (A) Histogram of % methylation of CpG sites represented on the Illumina Infinium
methylation array for each cell line. There is a shift to more sites with high methylation in HPV(+) cells (gray circles; see also Sup. Fig. 4). The number
(%) of genomic sites with greater than 80% methylation in each cell line is: SCC-4: 6402 (23.2%); SCC-74A: 4138 (15.0%); SCC-47: 7707 (27.9%); CaSki:

9322 (33.8%). The lllumina array is designed to assess sites thought to be functionally relevant. (B) Scatterplot showing average percent methylation
across all 4 cell lines (x-axis) versus the difference in methylation between HPV(+) and HPV(-) cells (y-axis) from Illumina array. Most of the differentially
methylated sites have higher levels of methylation in HPV(+) cells (seen by the high density of points at the top of the plot), while very few have higher
methylation in HPV(-) cells. (C) Histograms of log, fold changes between HPV(+) and HPV(-) cells revealed by the Affymetrix MeDIP-tiling approach
(global vs. promoter regions) confirms that overall methylation is higher in the HPV(+) cell lines. Sites greater than 0 have higher methylation in HPV(+)

Fisher’s Exact test).

cells; sites less than 0 have higher methylation in HPV(-) cells. Fold change between the number of sites greater than 0 and less than 0 is provided in
the plots. A significance cutoff of p < 0.0005 for the difference between HPV(+) and HPV(-) cells was used to filter the sites prior to the analysis. This
trend for increased methylation in HPV(+) cells is stronger in promoter regions than in other non-repetitive regions (p = 1.9 x 10%; odds ratio = 1.7,

Several of our findings are consistent with known differences
between HPV-induced cellular changes and those induced by
tobacco carcinogens.

Methylation patterns and expression of genes with higher
methylation and lower expression in HPV(-) cells. CDKN2A
(p16™*#4) (chromosome 9p21) located in the top left quadrant of
Figure 2C, is less expressed and more methylated in the HPV(-)
tumors. An interaction network with the genes in this quad-
rant shows CDKN2A as an interaction hub among these genes,
as is CK8 (Keratin 8); each of which has multiple interactions
with other genes in the network (Fig. 3A). Also notable in the
candidate genes more highly expressed and less methylated in
HPV(+) cells are PKCtheta, ESE3, RHOD, SOCS2, Annexinll]
and Annexin IX, as well as TSPANI. As shown in Figure 4
(Illumina Infinium; MeDIP-tiling, Sup. Fig. 3), the promoter
regions of CDKN2A and CDKNZ2B are more highly methyl-
ated in the HPV(-) cells (bottom half of fig.) and are known to
be frequently silenced in HPV(-) head and neck cancers. The
MeDIP-tiling data show that the entire region is more highly
methylated in the HPV(-) than the HPV(+) cells, in contrast
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to most of the genome which is generally more highly methyl-
ated in the HPV/(+) cells. In fact, only the downstream region of
CDKN2A is more highly methylated in the HPV(+) cells (Sup.
Fig. 3) and our expression data shows that this does not attenuate
CDKN2A expression. Regulation of growth and cell size, as well as
calcium-dependent phospholipid binding were found to be biologi-
cal concepts enriched with these sets of genes (Fig. 3B and using
ConceptGen).

Methylation patterns and expression of genes with higher
methylation and lower expression in HPV(+) cells. Among the
75 genes more highly methylated and less expressed in HPV(+)
relative to HPV(-), vacuole was the most significantly enriched
biological concept tested (p = 0.00076), involving the genes ST,
ATP6VOC, HPSI, CTSL1, GNS, FUCAI and VPSI8. The PI3
kinase pathway (pantherdb.org) and regulation of kinase activ-
ity concept were also among the most enriched and included
the genes /RSI, GNA1I, GNAI2, EREG, CCNAI, RGS4 and
PKIG (Fig. 4). The PI3 kinase signaling pathway has previously
been identified as being enriched with genes overexpressed in

HNSCC samples (which historically have been mainly HPV(-))
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shedding light onto the overall carci-
nogenic programs of HPV(+) versus
HPV(-) tumors. In addition to DCC
(deleted in colorectal carcinoma),
this group of genes included KALJ,
NFI1, NGFR, GNAOI, SEMA3B and
DCDC2. Predicted PRC2 target genes
COL12al, COL9al, CYP22, GNAS,
KALI, MEST (previously identified
as upregulated in HPV(+) HNSCC
tumors versus normal®), RASGRFI
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Figure 2. Integrating DNA methylation (lllumina Infinium platform) and gene expression data in
HPV(+) and HPV(-) cell lines. (A) Histogram of average expression levels (across all 4 cell lines) for the 343
genes whose promoter regions are less methylated in HPV(+) than in HPV(-); (B) Histogram of average
expression levels for the 4,525 genes whose promoter regions are more methylated in HPV(+) than in
HPV(-). (A and B) together illustrate that genes with higher promoter methylation in HPV(+) cells are
generally expressed at low levels. (C) Scatterplot showing the relationship between methylation and
gene expression in HPV(+) and HPV(-) cell lines. The top half of the figure represents genes more highly
expressed in HPV(+) cell lines and the right half of the figure shows genes more highly methylated in
HPV(+) cell lines. Genes near the x-axis do not differ in expression even though many are differentially

for sites/genes in this chromosomal
region and found significance in both
cases (using LRpath: FDR < 0.05).
This suggests the possibility that
more chromosomal loss has occurred
at 19q13 in HPV(-) tumor cells
compared to HPV(+) cells, which
exhibit more methylation. Genomic

methylated in HPV(+) and HPV(-) cells. Genes within the loops are differentially expressed in HPV(+) and
HPV(-) cells. Overall the expression negatively correlates with methylation, although not as strongly as
expected due to the unexpected population of genes in the top right quadrant having higher methyla-

analysis will be necessary to test this
hypothesis.

with higher methylation in HPV(+) cells (right).

tion and expression in HPV(+) relative to HPV(-) cells (Pearson correlation coefficient =-0.21). Expres-
sion levels of genes near the y-axis are unrelated to the change in percent methylation. (D) Boxplot of
HPV(+)/HPV(-) expression differences for genes with lower methylation in HPV(+) cells (left) and genes

Polycomb  repressive complex
2 (PRC2) targets tend to be more
highly methylated in HPV(+)

and in regions with increased copy number in oral premalignant
lesions.?* The major gene hubs were RUNX2, CD40 (TNFRSF5),
IRS-1, Collagen IIT and Cyclin Al. p53 also interacted with several
of the 75 candidate genes, specifically Mettl7a, Sestrin 3, FUCO,
protein p8, PTPR-mu, MTSI1(S10044), IRS-1, Cyclin Al and
Lamin A/C.

Methylation patterns and expression of genes with both
higher methylation and higher expression in HPV(+) cells.
There is a significant subset of genes that are both more highly
methylated and more highly expressed in HPV(+) than in
HPV(-) cells (top right quadrant of Fig. 2C). Although coun-
ter-intuitive, such a finding has multiple possible explanations
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cells. Polycomb repressive complex
2 (PRC2) proteins regulate genes
involved in stem cell maintenance as well as growth and dif-
ferentiation.”” The promoters of PRC2 targets are more highly
methylated in HPV(+) cells compared to non-PRC2 targets (Fig.
5A and B). The promoters of PRC2 targets are at median >19%
more methylated in HPV(+) compared to HPV(-) cells, whereas
the promoters of non-PRC2 targets are at median only 1% more
methylated in HPV(+) compared to HPV(-) cells. Four PRC2
targets: CCNAI, PREXI, RUNX2 and SPON2 were among
the 75 genes with higher methylation and lower expression in
HPV(+) cells (lower right quadrant Fig. 2C).

Validation of selected targets: pyrosequencing, qPCR
and primary tumors. We chose to validate the methylation
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Figure 3. Characterization of genes with increased methylation and decreased expression level in HPV(-) compared to HPV(+) cell lines (A) CDKN2A
and Keratin 8 are interaction hubs among genes with increased methylation and decreased expression level in HPV(-) relative to HPV(+) cell lines

(Fig. 2C, top left quadrant). Interactions among 28 input genes (circled in green/blue/red) with increased methylation and decreased expression level

in HPV(-) compared to HPV(+) cell lines. The 28 genes were prioritized as being both downregulated and exhibiting higher promoter methylation in
HPV(-) versus HPV(+). The network was created using GeneGO’s MetaCore and the shortest path algorithm with a 2 step maximum. Interactions (all
curated) are either based on binding (B), transcriptional regulation (TR), influence on expression (IE) or phosphorylation (+P) in humans and low trust
interactions were discarded. Green arrows indicate activation, red arrows indicate inhibition and gray arrows are unspecified. Interaction types are
indicated on the arrows. Additional genes in network (not circled) were included because they connected/interacted with two or more of the input
genes. (The complete legend for GeneGO'’s MetaCore networks is provided as Sup. Fig.10). (B) Related biological concepts (p < 0.05) for genes with

increased methylation and decreased expression level in HPV(-) relative to HPV(+) cell lines (Fig. 2C, top left quadrant).
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differences of two genes which had both higher methylation and
higher expression in HPV(+): ESRI (due to its significance and
differential promoter methylation in other cancers),?*3° and DCC
(identified as biologically important in head and neck cancer).?!
[lumina Infinium platform data showed ESRI and DCC aver-
age methylation of 4% and 10% in HPV(-) tumors compared to
82% and 87% respectively in HPV(+) tumors. Pyrosequencing
confirmed an average methylation of 9% in HPV(-) cells versus
94.5% methylation in HPV(+) cells for ESRI (Sup. Fig. 5) and
also confirmed higher DCC methylation in HPV(+) cells (average
methylation 92.5%) compared to HPV(-) cells (average methyla-
tion 23.5%). We chose to validate the expression differences in
two genes: CCNAI due to its status as a protein-interaction hub
among genes with higher methylation and lower expression in
HPV(+) cells and because it has been shown to correlate with sur-
vival in HNSCC* and DNM1T3a (as a possible explanation for
the overall higher methylation observed in HPV(+) cells). qPCR
showed that CCNAI was expressed 7.3 times higher in HPV(-)
cell lines compared to HPV(+), while DNMT3a was expressed
4.6 times higher in HPV(+) cell lines compared to HPV(-),
which is consistent with the expression array data.

We analyzed 49 primary tumor DNAs (17 oral cavity and
32 oropharynx tumors, from paraffin embedded formalin fixed
specimens) also assessed for HPV states (n = 21 HPV(+)), for
CpG methylation using the Illumina Goldengate Cancer Panel.
We compared our data from the four cell lines assessed with the
[lumina Infinium platform to the Goldengate findings on the
primary tumors. Of the CpG targets common to both platforms
(n = 472), the top 12 most differentially methylated probes
between HPV(+) and HPV(-) cell lines significantly correlated
with tumor DNA methylation with correlation coefficients of
0.46. Overall, as observed when comparing HPV(+) and HPV(-)
cell lines, the HPV(+) tumors showed greater levels of CpG meth-
ylation than the HPV(-) tumors (Sup. Fig.6). We also analyzed
oral/oropharyngeal tumors (n = 28 HPV(-); n = 18 HPV(+)) for
% methylation of LINE-1 elements. We observed significantly
higher methylation in the HPV(+) samples (median HPV(+) =
68.7; median HPV(-) = 57.6; p = 0.004 by Mann-Whitney U test).

Discussion

Much of the heterogeneity of biological behavior and response
to therapy in head and neck cancer can be explained by etio-
logic differences between traditional (tobacco/alcohol) and viral
carcinogenesis. A few studies have attempted to evaluate the
divergent pathways of gene expression in HPV (+) versus smoking
related HNSCCY?' using global repetitive DNA methylation'®
and somatic molecular differences.”> Ours is the first study to use
an integrated approach combining genome-wide epigenetic and
gene expression changes to characterize the molecular differences
between HPV(+) and HPV(-) tumors and allowing a preliminary
assessment of the relationship between the epigentic changes and
functionally relevant somatic expression. By using well-charac-
terized HPV(+) and HPV(-) tumor cell lines, we eliminated the
irrelevant information from contaminating stromal cells and
controlled for the effects of cell culture. This allowed us to focus
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on tumor specific differences and eliminate noise, thus our analy-
ses have provided insight into pathway differences between these
two types of tumors.

To address generalizability of cell line epigenetic data, we com-
pared the cell line epigenetic data to data from primary tumors.
Both sample types were run on similar platforms (Illumina
Infinium vs. Hllumina Goldengate) as the Infinium platform is
not recommended for DNA from formalin fixed paraffin embed-
ded tumors. We found a strong correlation between differen-
tially methylated targets between cell lines and primary tumors.
Higher CpG methylation levels were noted in the HPV(+) com-
pared to HPV(-) tumors, as observed in the cell line data. While
the applicability of specific cell line epigenetic data remains to
be seen, here we report general findings that indicate strong dif-
ferences in carcinogenic pathways between HPV(+) and HPV(-)
tumors.

Although availability of HPV(+) tumor cell lines are extremely
limited, we were able to balance for gender and mechanism of
tumor induction, i.e., high risk HPV or HPV(-) primary carcino-
genic processes and age (47-53 years) at diagnosis. The inclusion
of an HPV(+) cervical SCC allowed for an analysis of molecu-
lar pathways between the two types of HPV(+) cancers and the
HPV(-) head and neck cancers. We found strong evidence that
HPV(+) tumors have the same molecular pathways in carcino-
genesis®* as observed by others. There were many more similari-
ties between the two HPV positive cell lines with respect to DNA
methylation than between the two HPV(-) cell lines, as assessed
by the Illumina Infinium platform (75" percentile for difference
in % methylation between the two HPV(-) lines was 0.21 com-
pared to 0.11 for HPV(+) lines). Thus, although the HPV(+) cell
lines were from different sites, the methylation and expression
signatures were similar.

As expected, the analysis showed relative overexpression of
CDKN2A in HPV (+) compared to HPV(-) cells, with correspond-
ing higher CpG methylation of CDKN2A in HPV(-) cells. This
finding is consistent with the known mechanisms of tobacco-
related carcinogenesis in HPV(-) SCC, where inactivation of p16
(CDKN2A) is the most common alteration.® The main mecha-
nisms of p16 inactivation in HNSCC are homozygous deletions
(40-60%), mutation (15-20%) and hypermethyation (5%).73#
Conversely, in HPV(+) SCC, malignant transformation is attrib-
uted to the HPV E6 and E7 oncoproteins, which inhibit func-
tion of p53 and RB tumor suppressor genes respectively. HPV E7
sequesters Rb leading to E2F mediated transcription of CDKN2A
and pl6 protein overexpression, which feeds back to inhibit Rb
activation under normal conditions. This is confirmed in our
data by the predominant role these proteins play in our protein
interaction analysis (Fig. 3A).

Unsupervised clustering showed that the four cell lines are
distinguishable by HPV status based solely on DNA methylation
profiles. These differences were marked by overall greater DNA
methylation across the genic and other non-repetitive genome
in HPV(+) cells compared to HPV(-) cells, also observed in a
sample of primary tumors. LINE-1 methylation, a measure of
global methylation, was also higher in HPV(+) cell lines and
in a larger population of tumor specimens, consistent with the
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Figure 4 (See previous page). Network (A) and Heat Map (B) of enriched concepts (p < 0.05) for genes with increased methylation and decreased

expression in HPV(+) relative to HPV(-) cells. Genes were limited to those that had mid-to-high overall levels of expression to avoid over-representation
of passenger genes. Vacuole was the most significantly enriched concept, involving the genes STS, ATP6VOC, HPS1, CTSL1, GNS, FUCA1 and VPS18. The
PI3 kinase Panther pathway and regulation of kinase activity concept included the genes IRS1, GNA11, GNAI2, EREG, CCNAT1, RGS4 and PKIG. Plot gener-

ated from ConceptGen. (C) Runx2, IRS-1, CD40 and CCNAT1 (Cyclin A1) are interaction hubs among genes with increased methylation and decreased
expression level in HPV(+) relative to HPV(-) samples (Fig. 2C-bottom right quadrant). Interactions among 75 input genes (circled in green/blue/red)
with increased methylation and decreased expression level in HPV(+) compared to HPV(-) cell lines (Legend is provided as Sup. Fig. 10). The network
was created using GeneGO's MetaCore and the shortest path algorithm with a 2 step maximum. Interactions (all curated) may be binding, cleavage,
transcriptional regulation, influence on expression or phosphorylation in humans and low trust interactions were discarded. Green arrows indicate
activation, red arrows indicate inhibition and gray arrows are unspecified. Additional genes in network (not circled) were included because they con-
nected/interacted with two or more of the 75 input genes. To limit the complexity in Figure 4C we provide in Supplemental Figure 11 information in
a zoomable format showing the interaction types between genes, which is provided.

PRC2 targets
o
= ro
o~
=2 —
3
> -
2 e
3 84
T =
2 -
w
o
S -
o
I T T T !
-1.0 -05 0.0 0.5 1.0
HPV(+) - HPV(-) % Methylation

Non-PRC2 targets
S _
2 e
el
o
S -
o
<+
=
o
T
2 S |
w o
N
o
o
o
o -
I T T T !
-1.0 -05 0.0 0.5 1.0
HPV(+) - HPV(-) % Methylation

from the lllumina Infinium HumanMethylation27 BeadArray platform.

Figure 5. Promoter regions of polycomb repressive complex 2 (PRC2) targets tend to be much more highly methylated in HPV(+) cells than in HPV(-)
cells, compared to promoters of non-PRC2 targets. Displayed are histograms of difference in percent methylation between HPV(+) and HPV(-) cells

findings of Richards et al. Thus the higher methylation in the
HPV(+) tumor cells consists of both targeted genic methylation
and global methylation that may or may not have functional con-
sequences. The increased methylation in HPV(+) tumors may be
partially explained by higher expression of DNM7T3a in HPV(+)
cells than in HPV(-) cells, although others have seen DNMTI
more highly expressed in HPV(+) tumors.” DNM7T3a functions
as a de novo methylator important in embryonic development,
and has recently been seen to co-localize with EZH2, one of the
polycomb repressive complex 2 (PRC2) proteins.*” This finding
supports our observation of a strong enrichment of highly meth-
ylated PRC2 targets in HPV(+) compared to HPV(-) cell lines
(Fig. 5), and is consistent with the reported observation that the
HPV E7 protein activates EZH2.% Although promoters of PRC2
target genes have previously been observed to be hypermethylated
in cancer, these studies compared cancer versus normal cells.! To
our knowledge, no studies have been performed on the relative
difference in PRC2 target hypermethylation between cancer sub-
types. PcG-targeted genes were more than twice as likely to be
methylated in HPV(+) cell lines compared to HPV(-) cell lines,
suggesting that PcG targets involved in differentiation may be
silenced by promoter methylation. Because such a broad-reach-
ing change in methylation affects a whole population of genes,
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rather than a more targeted set that would be indicative of natu-
ral selection within the tumor, we hypothesize that the higher
methylation of PcG targets in HPV(+) tumors suggests that HPV
directed genomic changes such as altered DNA methylation may
occur very early in the carcinogenic process, leading to aberrant
DNA methylation and creation of HNSCC stem cells.”** Thus,
whether or not the specific epigenetic differences observed cor-
respond to functional changes in gene expression is of critical
importance to understanding if promoter methylation is serving
as a driver of the carcinogenic process, or a passenger in response
to overall aberrant methylation.

Together, these define a distinct mechanism in HPV-
associated carcinogenesis. PcG target promoters are cell type
specific* and differ between embryonal cells and adult tumors.
It is intriguing to think that they may differ by tumor subtype,
and thus could explain prognostic heterogeneity within tumor
type. For example, prostate cancers with high expression of the
PcG protein EZH2 have a poorer prognosis.® Our results indi-
cate that PRC2-targeted genes are more highly methylated in
HPV(+) tumor cells, identifying a key pathway with implica-
tions for our understanding of how oncogenic HPV may con-
tribute to carcinogenesis. Of interest, for HPV(+) cancers, it has
been shown that the HPV E7 protein regulates EZH2 through
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activation of E2F.% CKS, which was found to be an interaction
hub in HPV(+) cells, is associated with simple or single-layered
epithelia and thus may be related to the less differentiated nature
of HPV(+) tumors.” This is consistent with observations that
HPV(+) HNSCC are usually poorly differentiated**” in contrast
to HPV(-) SCC which typically show greater evidence of squa-
mous differentiation (i.e., variuos degrees of keratinization, dys-
keratosis and keratin pearl formation).

A few studies have compared gene expression profiles in
HPV(+) and HPV(-) HNSCC. Martinez et al. noted that znnexin
IX was under-expressed in both HPV(-) and HPV(+) versus nor-
mal oral epithelium.” We found annexin IX to have higher meth-
ylation and lower expression in HPV(-) cells. CCNAI was found
to be upregulated in HPV(-) over normal epithelium and we
found it to be not only upregulated in HPV(-) but also that it has
greater DNA methylation in HPV(+) tumor cells. Interestingly,
CCNAI, along with DCC and CDKNZ2A, has been found to cor-
relate with longer disease-free survival in HNSCC.* Genes in
the 9p24 region were preferentially lower expressed in HPV(-)
indicating a possible loss of this region. One of these genes was
UHRF2, a ubiquitin-ligase involved in cell cycle regulation and
proliferation, thought to be involved in histone modifications
and regulation of the epigenetic code, and a possible drugable
target for cancers.”” Overexpression of UHRF2 leads to growth
arrest, which is in concordance with its tumor suppressor proper-
ties supporting the better prognosis for HPV(+) patients.

The candidate methylation differences observed between
HPV(+) and HPV(-) tumors and the pathways in which they take
part provide several testable hypotheses for further research. Of
particular interest will be the genes observed to have both higher
promoter methylation and higher expression levels in HPV(+) cells
compared to HPV(-) cells, as these serve as candidate genes that
may be lost due to copy number changes or mutation on HPV(-)
and partially lost due to promoter methylation in HPV(+).
Validated differences may provide intriguing potential ther-
apuetic targets and suggest novel approaches to cancer therapy.
Altering gene expression in HPV(-) tumors to reflect that seen in
the more treatment responsive HPV(+) tumors might prove to be
a useful strategy. A novel approach to treating HNSCC would be
to develop methods by which the methylation profiles in HPV(-)
tumors would be altered to recreate the more therapeutically
favorable HPV(+) profile. This strategy could potentially lead to a
more responsive cancer phenotype and better outcomes.

Materials and Methods

Cell culture, nucleic acid isolation and bisulfite conversion.
HPV(+) and HPV(-) SCC cell lines were cultured in DMEM
(Gibco) supplemented with 10% fetal bovine serum (FBS) and
prophylactic antibiotics. UM-SCC cell lines were established
from University of Michigan (UM) Head and Neck cancer
patients who gave written informed consent to use their tissue
to create a cell line. UM-SCC-4 and UM-SCC-74A, established
from a 47 year old female and 50 year old male respectively,
both had HPV negative base of tongue cancer and UM-SCC-47,

established from a 53 year old male with base of tongue cancer, is
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HPV-16 positive. CaSki, derived from an HPV-16 positive cervi-
cal carcinoma from a 40 year old female, was obtained in 1988
by Dr. Carey from Dr. Roland Pattillo, the originator of the cell
line at the Medical College of Wisconsin, (Pattillo, RA).% All
cell lines were genotyped by the UM DNA Core laboratory using
Profiler Plus (Applied Biosystems, www.applied biosystems.com)
in the earliest possible passage available in the UM Head and
Neck Oncology cell line bank. The UM-SCC cell lines have
unique genotypes” and the CaSki genotype is consistent with
the ATCC catalog report. The cells are periodically retested for
genotype and for mycoplasma contamination. Cells in log phase
growth were harvested with Trypsin/EDTA, counted, washed
and nucleic acids were isolated using modified protocols for the
QiaAmp DNA Mini Kit for Blood and Body Fluids and RNEasy
Mini Kit (Qiagen, Valencia, CA). A 20 ug aliquot of DNA was
reserved for methylated DNA IP-on-Chip. Bisulfite conversion
was carried out on 600 ng of DNA using the manufacturer’s pro-
tocol (EZ DNA Methylation-Direct Kit, Zymo Research Corp.,
Orange, CA) for genome-wide methylation assessment using the
[lumina Infinjum HumanMethylation27 BeadChip platform
(Illumina, San Diego, CA). For pyrosequencing validation 600
ng of DNA was bisulfite converted using the Qiagen EpiTect
Bisulfite Conversion kit (Qiagen, Valencia, CA).

The commercially available Illumina  Goldengate®
Methylation Cancer Panel was utilized to detect DNA methyla-
tion patterns in 84 formalin-fixed paraffin-embedded (FFPE)
head and neck tumor samples. DNA was isolated from FFPE
tumor samples using the QIAamp DNA FFPE Tissue Kit
(Qiagen, Valencia, CA) with a modification to the manufactur-
er’s recommended lysis protocol (incubation overnight at 56°C in
lysis buffer). We performed sodium bisulfite modification on 500
ng to 1 pg of extracted DNA using the EZ DNA Methylation
kit (Zymo Research, Orange, CA) following the manufacturer’s
recommended protocol. Bead arrays were run at the University of
Michigan DNA Sequencing Core Facility according to the man-
ufacturer’s protocol and bead arrays were imaged using Illumina
BeadArray Reader software. Full details on these data are pre-
sented in Colacino et al. (submitted).

Genome wide DNA methylation determination with
affymetrix tiling set. Methylated DNA IP-on-Chip (MeDIP-
tiling) was performed with GenPathway (San Diego, CA) using
the GeneChip Human Tiling 2.0R Array Set (Affymetrix, Santa
Clara, CA). Following preclearing with protein G agarose beads
(Invitrogen), input DNA was denatured and immunoprecipi-
tated using an anti-5-methyl-cytosine antibody (Abcam ab1884)
and incubated overnight at 4°C, with protein G agarose beads.
An aliquot of each precipitated sample was used for quantitaitive
PCR (qPCR) to confirm the enrichment of methylated regions,
using a GenPathway proprietary method. Immunoprecipitated
and input DNA were amplified and qPCR again verified enrich-
ment of methylated regions in IP’ed DNA. Amplified immuno-
precipitated and input DNA were labeled according to Affymetrix
procedures and hybridized to the gene chips. Most Infinium
array probes are located in genic regions (Sup. Fig.7) while the
Affymetrix tiling array represents a genome-wide measurement
of CpG methylation, but not repetitive regions.
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Gene expression. RNA (5 ug) from each cell line, isolated from
the same passage as the DNA used for methylation analysis, was
analyzed on the Affymetrix U133Plus 2.0 array in the University
of Michigan Affymetrix Core facility. cDNA was generated using
Bio-Rad iScript cDNA Synthesis Kit. TagMan Gene Expression
Assays (Applied Biosystems) for CCNAI and DNM7T3a validation
were performed using 25 ng of input cDNA. qPCR was run and
analyzed on a Bio-Rad CFX96 Real-Time PCR Detection System.

Validation by pyrosequencing. CpG methylation at specific
loci was validated by pyrosequencing using bisulfite converted
DNA. PCR and sequencing primers are listed in Supplemental
Table 1. The PCR products were run on a 1.5% agarose gel to
ensure PCR quality, correct product length and lack of contami-
nation. Pyrosequencing was performed following the manufac-
turer’s protocol on a PyroMark MD (Qiagen).

Statistical analysis. The Illumina BeadStudio Software
provides estimates, termed beta values, of the percent methyla-
tion for each probe site based on the Cy3 and Cy5 intensities.
However, we developed and implemented a novel normalization
strategy which improves the correlation among replicate samples
and increases the levels of significance when the methylation lev-
els of the groups are compared (Sup. Fig.8). The motivation and
detailed normalization steps are provided in the supplement and
diagrammed in Figure §9. We used an empirical Bayesian mod-
erated t-test to assess significance between the percent methyla-
tion in HPV(+) versus HPV(-) samples, which improves results
for studies of small sample size.”® In follow-up analyses, both a
p-value cutoff and % change in methylation cutoff were used.

The Affymetrix Human Tiling 2.0R Array Set is a set of 7
tiling arrays divided by chromosome and consisting of a total
of more than 40 million 25-mer oligos. Raw data were read into
R using the AffyTiling package and were analyzed as described
in reference 51. Raw data were quantile normalized, then oligos
were annotated to CpG islands and genes using the UCSC CpG
islands and Known Genes tracks, respectively. An empirical
Bayes approach with moderated variance in ANOVA® was used
to test for methylated and differentially methylated regions. This
method takes into account the dependency of variance on inten-
sity level and improves results in studies with small sample size.
The estimates of fold change over input and between HPV(+)
and HPV(-) cells were smoothed using a moving window average
of 175 bp length.

Genome-wide expression differences between the HPV(+)
and HPV(-) cells were evaluated with the Affymetrix Human
Genome U133 Plus 2.0 Array platform. Raw data was prepro-
cessed and normalized using RMA. Differential expression and
significance was assessed using IBMT.>?

Bioinformatics analyses. Beta values representing the %
methylation levels of the four cell lines were clustered to deter-
mine whether the HPV(+) and HPV(-) cell lines could be cor-
rectly separated using unsupervised methods. CpG sites with low
standard deviation for beta values across all four cell lines were
filtered out, which is a common approach to remove genes that
are not informative, and values for each site were centered by their
mean. Hierarchical clustering with correlation similarity measures
and average linkage clustering was performed using Gene Cluster
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and Java TreeView to visualize results.”® To determine whether
the results are robust, we used three different cutoffs for standard
deviation resulting in three different lists of CpG sites to cluster:
0.01 (18,815 sites), 0.10 (11,205 sites) and 0.40 (2,457 sites). The
range of standard deviations was 0.00017-0.57. Complete linkage
and single linkage also resulted in the same conclusions.

Genes were chosen from the top left, bottom right and top right
quadrants of Figure 2 using a combination of criteria: each gene
chosen had a % change in methylation >20% with p-value < 0.10,
and a p-value for change in expression < 0.10. We chose to use
relaxed criteria since these sets of genes were chosen to use as input
for additional bioinformatics analyses and meant only to assess
candidates or perform gene set over-representation analysis which
does not require the use of FDR criteria for individual genes.”* For
genes with higher methylation and lower expression in HPV(+),
we used the additional criteria of an average background-adjusted
and normalized log -intensity 6.0 (a selected set is provided in
Sup. Table 2). ConceptGen?* was used to test for predefined gene
sets (concepts) enriched with the chosen genes from the top left
and bottom right quadrants of Figure 2, which tests several types
of gene sets, including Gene Ontology (GO), KEGG Pathways,
literature-defined concepts from Medical Subject Headings and
differentially expressed gene sets from publicly available microar-
ray data. The same sets of genes were also uploaded to GeneGO
Inc.)s MetaCore software program, which we used to iden-
tify and visualize the protein interaction networks and identify
potential hub proteins connecting the chosen genes in each set.
The Dijkstra’s shortest path algorithm was used with a two step
maximum, including only high quality interactions. We defined a
CpG island by the Illumina-provided annotation for the Infinium
Methylation27 platform. To identify biologically defined gene
sets or concepts, significantly enriched with genes up or down-
regulated in HPV(+) versus HPV(-) cells, we used LRpath> (see
Sup. for more details). All array-based data are available in Gene
Expression Omnibus (GEO), accession ID GSE24091.
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