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Identification of epigenetically affected genes has be-
come an important tool for understanding both normal
and aberrant gene expression in cancer. Here we report
a whole-genome analysis of DNA methylation profiles
in fresh-frozen oropharyngeal squamous cell carci-
noma (OPSCC) tissues and normal mucosa samples us-
ing microarray technology with patient genomic DNA.
We initially compared whole-genome patterns of DNA
methylation among 24 OPSCC primary tumors and 24
matched normal mucosal samples. From a survey of
27,578 CpG dinucleotide loci spanning more than
14,000 genes, we identified 958 CpG loci in which mea-
surements of DNA methylation were altered in the pri-
mary tumors relative to the normal mucosal samples.
These alterations were validated in an independent set
of 21 OPSCC patients. A survey of these loci by chromo-
somal location revealed an abnormally high number of
differentially methylated loci on chromosome 19. Many
of the loci on chromosome 19 are associated with genes
belonging to the Krüppel-type zinc finger protein
genes. Hypermethylation was accompanied by a
significant decrease in expression of these genes in
OPSCC primary tumors relative to adjacent mucosa.
This study reports the epigenetic silencing of Krüp-
pel-type zinc finger protein genes on chromosome
19q13 in oropharyngeal cancer. The aberrant meth-
ylation of these genes represents a new avenue
of exploration for pathways affected in this
disease. (Am J Pathol 2011, 178:1965–1974; DOI:

10.1016/j.ajpath.2011.01.049)
Head and neck squamous cell carcinoma (HNSCC), an
anatomically heterogeneous group arising most often
from the oral cavity, oropharynx, hypopharynx, larynx,
and nasopharynx, is the fifth most common malignancy in
men worldwide, representing a major international health
problem.1 Unfortunately, the 5-year survival rate has im-
proved only marginally over the past decade; as a result,
it is estimated that more than 45,000 new cases and
11,000 deaths will occur in 2011 in the United States from
HNSCC.2 Despite treatment intervention, recurrence of
the disease is observed in about 50% of patients, either
locally, regionally, or at a distant site with high rates of
associated mortality.3 Given the genetic complexity of
this disease, it is not surprising that correlations with
individual genetic abnormalities have so far been disap-
pointing. To date, there are few molecular markers that can
be used reliably in either early detection or as indicators of
prognosis. Some genetic aberrations have been investi-
gated as markers of disease progression and/or outcome,
including gains of 3q, 8q, 9q, 20q, 7p, 11q13, and 5p, and
losses of 3p, 9p, 21q, 5q, 13q, 18q, and 8p.4,5

Evidence has now established that aberrant DNA
methylation and chromatin remodeling associated with
promoters, or first exons of genes, is one mechanism
frequently associated with the transcriptional silencing of
critical genes in HNSCC and other cancers.6 Identifica-
tion of epigenetically affected genes has therefore be-
come an important tool for understanding aberrant gene
expression in cancer. Numerous studies have identified
promoter methylation of CDKN2A (p16), DAPK (DAP ki-
nase), and DNA repair genes MGMT and MLH1.7,8 In
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many cases, these epigenetic markers were of prognos-
tic value. For example, in HNSCC patients, methylation of
the promoter region of MGMT was associated with de-
creased expression of MGMT, as well as increased tumor
recurrence and decreased patient survival, independent
of other factors.9 In studies by Ogi and co-workers10 with
oral SCC, methylation of the DCC gene was associated
significantly with bone invasion by gingival tumors, ag-
gressive invasiveness of tumors of the tongue, and re-
duced survival. Methylation of two CpG islands (MINT1
and MINT31) also correlated with poor prognosis in these
patients, whereas methylation of p14ARF actually corre-
lated with a good prognosis. Invasion and metastasis of
oral SCC cells recently have been shown to be depen-
dent on methylation of the E-cadherin promoter with as-
sociated reduction of E-cadherin expression.11 Within the
oropharynx, there is a statistically significant association
between hypermethylation of the DAPK1 gene and the
occurrence of lymph node metastases, and in the larynx
there was statistically significant evidence of an associ-
ation between hypermethylation of the ADAM23 gene
and advanced stages of the tumors.12 Overall, the con-
siderable variability in promoter methylation events
among the tumor population makes a high-throughput
approach an intriguing means to identify prognostic epi-
genetic markers in HNSCC disease.

Here, we describe experiments designed to measure
global DNA methylation in primary tumor and matched
mucosal samples of 45 patients with oropharyngeal
squamous cell carcinoma. From these data, we identified
a total of 958 differentially methylated CpG loci that were
distributed across the human genome. Of particular in-
terest were the high magnitude of differentially methyl-
ated CpG loci identified on chromosome 19, including a
cluster of Krüppel-type zinc finger protein (ZNF) genes.

Materials and Methods

Oropharyngeal Squamous Cell Carcinoma
Tissue Samples

Patients recruited for this study were undergoing treat-
ment for histologically confirmed oropharyngeal squa-
mous cell carcinoma (OPSCC) at Montefiore Medical
Center (Bronx, NY). (Table 1). The patients were as-
signed to two independent patient groups based on the
time of their initial enrolment. Patient set 1 comprised the
initial 24 OPSCC patients in our study. Patient set 2 com-
prised an additional 21 OPSCC patients enrolled at a
later date. All 45 patients consented to participation in
this study under protocols approved by the Institutional
Review Boards of the participating institutions. All primary
tumor and histologically normal adjacent tissues were
snap-frozen in liquid nitrogen within 30 minutes of surgi-
cal resection or biopsy and kept at �80°C until further
processing. Normal mucosa was taken at a grossly un-
remarkable site away from the tumor identified by the
surgeon (incisional biopsy) intraoperatively or the pathol-
ogist (resection specimen) when processing the speci-

men for frozen section or final diagnosis.
Histologic confirmation of tumors was performed by a
single pathologist assessing tumor grade, tumor-node-
metastasis staging based on the American Joint Commit-
tee on Cancer classification, and degree of lymphocytic
infiltration. Control samples for all tumors were acquired;
microscopy slides stained with H&E were assessed for
percentage of tumor, extent of necrosis, and degree of
lymphocytic infiltration. When a study sample was de-
rived from an incisional biopsy, half of the specimen was
submitted for study purposes and half was used as a
control sample. The study samples derived from resec-
tion specimens were taken either adjacent to a frozen
section block obtained at intraoperative consultation, or
adjacent to the first block of tumor sample taken for
permanent sections.

The percentage of tumor and extent of necrosis were
estimated by determining the number of microscopic
fields containing tumor or necrotic tissue in relation to the
total number of microscopic fields of the control sample
on the slide. The lymphocytic infiltrate was graded at the
tumor–host interface as one of three categories: strong
(score � 1), intermediate (score � 2), and poor (score �
3), corresponding to approximately 21% to 30%, 6% to
20%, and 0% to 5% lymphocytic component, respec-
tively. Grades were assigned as follows: if there was at
least one lymphoid aggregate in each consecutive low-
power field at the tumor–host interface then the lympho-
cytic component was judged as strong. A lymphoid ag-
gregate was defined as lymphocytes occupying at least
half of a microscopic field using a �20 objective. An
intermediate lymphocytic component was defined as
having at least one lymphoid aggregate in one of the
low-power fields at the tumor–host interface, but not in
every low-power field. When no lymphoid aggregates

Table 1. Clinical Characteristics of Recruited OPSCC Patients

Patient set 1
(N � 24)

Patient set 2
(N � 21)

N (%) N (%)

Male 19 (79) 16 (76)
Female 5 (21) 5 (24)
Median age (range, years) 62 (40–79) 61 (46–84)
Race

White 16 (67) 11 (52)
Black 5 (21) 10 (48)
Unknown 3 (12) 0 (0)

Ethnicity
Hispanic/Latino 6 (25) 5 (24)
Non-Hispanic/Latino 16 (67) 16 (76)
Unknown 2 (8) 0 (0)

Tumor stage
I 1 (4) 7 (33)
II 2 (8) 4 (19)
III 3 (13) 0 (0)
IV 18 (75) 10 (48)

Node status
N0 3 (13) 11 (52)
N1 4 (17) 1 (5)
N2 13 (54) 8 (38)
N3 4 (17) 1 (5)

Total 24 (100) 21 (100)
were found, the lymphoid component was deemed poor.
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When the tumor–host interface was too small to use the
schema described earlier then the lymphoid component
was categorized according to the percentage ranges
described earlier.

The majority of the tumor samples (n � 33) were com-
posed of 50% or more invasive squamous cell carci-
noma, although a subset of samples (n � 11) had �50%
tumor, ranging from 5% to 40%, with only one sample
containing 5% tumor. Tumor necrosis was noted in 10
samples, ranging from 1% to 20% of tumor. Lymphocytic
infiltrate was a variable part of the nontumor component
of the sample, ranging from �1% to approximately 30%.
The lymphocytic infiltrate was predominantly present at
the tumor–host interface where its density was assessed.
Most tumor samples (n � 29) had a poor intermediate
lymphocytic reaction, and in only 10 samples did lym-
phocytes comprise one third of the nontumor component.

Genome-Wide Methylation Profiling of Tissue
Genomic DNA

Genomic DNA was isolated from snap-frozen tissue us-
ing the Qiagen DNeasy tissue kit (Valencia, CA). Quantity
and purity of isolated DNA was measured spectrophoto-
metrically using a NanoDrop ND-1000 spectrophotome-
ter (Wilmington, DE). Bisulfite conversion of tissue
genomic DNA was performed using the EZ DNA Gold
methylation kit (Zymo Research, Irvine, CA). Profiling of
genome-wide DNA methylation in genomic DNA (500 ng)
was performed using the Illumina (San Diego, CA) In-
finium assay with the HumanMethylation27 DNA Analysis
beadchip. We interrogated 27,578 CpG loci covering
more than 14,000 genes at single-nucleotide resolution.
The methylation level at each CpG loci on the beadchip
was determined by measuring approximately 20 inde-
pendent measures of the methylation fraction (�), defined
as the fraction of methylated signal over the total signal
(unmethylated � methylated fractions) in each genomic
DNA sample. This value ranged continuously from 0 (un-
methylated) to 1 (fully methylated) for each CpG locus.
Individual beadchip controls (DNA sample-dependent
and sample-independent) confirmed efficient bisulfite
conversion of DNA, hybridization specificity, base exten-
sion, and target removal for all genomic DNA samples
(see Supplemental Table S1 at http://ajp.amjpathol.org). A
complete description of these controls is available from
the manufacturer.13

Bisulfite Sequencing

Primers for PCR amplification of bisulfite-converted ge-
nomic DNA were as follows: ZNF447-Bis forward, 5=-
GGGAATATTTTGGTTTTTTTT-3=, and ZNF447-Bis reverse,
5=-TAAACCTTCATACTTCTCTCCCTC-3=; ZNF132-Bis for-
ward, 5=-GGATTTGTTTTTTTAAATGTAAAATG-3=, and
ZNF132-Bis reverse, 5=-CTACCAATAACCAACCCTAAAA-
CAC-3=. PCR reactions (50 �L) were performed using Hot-
StarTaq Plus Master Mix Kit (Qiagen). Initial denaturation of
template DNA (95°C, 5 minutes) was followed by 35 cycles

of 94°C (1 minute), 57°C (1 minute), and 72°C (1 minute).
PCR products were resolved on a 1.5% agarose gel to
confirm sizes of products for ZNF447 and ZNF132 (490 bp
and 494 bp, respectively). No primer pairs amplified un-
treated genomic DNA (data not shown). Sequencing of
PCR products was performed in both directions using an
ABI 3730 DNA Analyzer (Applied Biosystems, Carlsbad,
CA). In addition to all patient samples, control methylated
human genomic DNA and human unmethylated genomic
DNA (Zymo Research) were arrayed as positive and neg-
ative controls, respectively.

Quantitative Real-Time PCR

Expressions of ZNF447 and ZNF132 in tissue samples were
measured using TaqMan One-Step RT-PCR Master Mix
Kit (Applied Biosystems) with probes Hs00225073_m1
(ZNF447) and Hs01036387_m1 (ZNF132). Expression of all
genes was normalized using a glyceraldehyde-3-phos-
phate dehydrogenase control probe (Hs99999905_m1). P
values for the difference in expression between primary
tumor and adjacent mucosal tissue were calculated using a
Wilcoxon t-test.

Results

As part of a high-throughput approach to the identifi-
cation of aberrant DNA methylation of CpG loci in OP-
SCC, we initially studied 24 patients undergoing treat-
ment for OPSCC at Montefiore Medical Center in the
Bronx, a high-risk area of New York City with a high
incidence of head and neck cancer (Table 1, patient
set 1). All pathologic grades of tumor were repre-
sented, although the majority (N � 18; 75%) had stage
IV disease at presentation. Twenty-one patients (88%)
had a positive nodal status at presentation. Prevalence
of human papilloma virus type 16 (HPV16) in these
tumors, defined by the detection of HPV DNA by
MY09/11 (degenerate and type-specific HPV16-L1
fragments) or nested PCR protocols (HPV16-E6 plus
URR), was 59%. For all of these patients, we also
collected histologically normal mucosa in parallel with
tumor tissue collection. In the case of tumor resections,
this represented histologically normal tissue approxi-
mately 1 cm away from the primary tumor. In the case
of tumor biopsies, this represented tissue taken from
the contralateral side.

For each patient, we profiled the degree and pattern
of DNA methylation observed in genomic DNA from
each tissue sample using the Illumina HumanMethyla-
tion27 DNA Analysis beadchip. Of the 27,578 CpG loci
on the beadchip, 20,006 loci resided in regions clas-
sically defined as CpG island sequences, whereas the
remaining 7572 loci resided outside of classically de-
fined CpG islands.14 By using the � values as a mea-
sure of DNA methylation in each pair of patient sam-
ples, we defined a differentially methylated CpG locus
as one in which the difference in the � value between
the OPSCC primary tumor and the corresponding ad-
jacent normal mucosa was at least 0.20. The choice of

0.20 as a criterion for a difference in � was based

http://ajp.amjpathol.org
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largely on replicate experiments (10 replicates each of
8 biological samples) by Illumina scientists that
showed that the HumanMethylation27 beadchip reli-
ably could detect a difference in � of �0.2 with a �1%
false-positive rate.15

Chromosomal Distribution of Differentially
Methylated CpG Loci

Of the 27,278 CpG loci on the microarray, the average
number of CpG loci showing increased methylation in the
primary tumor (difference in �, �0.20) was 2040 (range,
527–5770). The average number of CpG loci showing
decreased methylation in the primary tumor (difference in
�, ��0.20) was 2115 (range, 562–3929). When data
from the first population of 24 OPSCC patients were an-
alyzed as a group, we identified 958 CpG loci whose
difference in � between primary tumor and normal mu-
cosa was at least 0.20 when averaged across the 24
patients. This does not imply that these loci were meth-
ylated in all 24 patients, but only indicates that these CpG
loci differed in � values between the tumors and corre-
sponding normals by at least 0.2 when averaged across
the initial dataset of 24 patients. Of these loci, 630 CpG
loci were hypermethylated in the primary tumors relative
to normal mucosa whereas 328 were hypomethylated.
Not surprisingly, the vast majority of the 630 hypermethy-
lated CpG loci (614 loci; 97%) were located within clas-
sically defined CpG island sequences. In contrast, the
328 hypomethylated CpG loci were located predominantly
outside of CpG island sequences (254 loci; 77%). However,
it should be noted that a significant number of hypomethy-
lated CpG loci (74 loci; 33%) did reside within CpG island
sequences and may represent genes regulated by a mech-
anism of DNA hypomethylation in OPSCC.

Chromosome 19 had the highest overall number of
differentially methylated CpG loci (n � 78) in our OPSCC
patient samples. Of the 78 differentially methylated CpG
loci identified on chromosome 19, 58 resided within the
boundaries of defined CpG islands, whereas the other 20
resided outside of CpG islands. Not surprisingly, the di-
rection of aberrant methylation (hypomethylation versus
hypermethylation) largely coincided with a CpG loci’s
location within, or outside of, a defined CpG island se-
quence. Also, the magnitudes of changes in DNA meth-
ylation in chromosome 19–specific CpG loci were among
the largest that we observed. When all 958 differentially
methylated CpGs identified genome-wide in our analysis
were ranked (highest to lowest) according to the magni-
tude of their average difference in � across patient set 1,
14 of the top 50 differentially methylated CpG loci (28%)
were located on chromosome 19 (Figure 1). In fact, 9 of
these 14 differentially methylated CpG loci were located
within a 6.5-Mb region covering chromosomal positions
58188507 (19q13.41) to 63643484 (19q13.43).

It was noteworthy that the vast majority of the 50 hy-
permethylated CpG loci identified on chromosome 19
were associated with genes belonging to the family of
Krüppel-type zinc finger proteins (Table 2). Although

hundreds of these genes are known to exist in the human
genome as transcriptional regulators, many of their
downstream targets remain unknown.16 All of the 14
chromosome 19–specific CpG loci mentioned previously
that were part of the top 50 hypermethylated CpG loci in
our dataset belonged to the Krüppel family zinc finger
proteins. These 14 CpG loci were located within the CpG
islands of 13 Krüppel family proteins, including ZNF132,
ZNF154 (2 CpGs), ZNF177, ZNF415, ZNF447, ZNF491,
ZNF542, ZNF545, ZNF625, ZNF671, ZNF677, ZNF702,
and ZNF781. The CpG loci at chromosomal position
61571383 corresponding to gene ZNF542 was the top
ranked hypermethylated locus across all 630 hyperm-
ethylated CpG loci identified in the genome (patient set 1
average difference in �, 0.51). It met the criteria for hy-
permethylation (difference in �, �0.20) for 18 of the 24
OPSCC patients. Other hypermethylated genes of note
were two subunits of voltage-dependent calcium chan-
nels (CACNA1A and CACNG6).

Of the 28 CpG loci identified as hypomethylated on
chromosome 19, only 8 of these (29%) resided within the
boundaries of defined CpG island sequences. However,
these genes may indicate targets whose mechanism of
transcriptional activation in OPSCC includes DNA hy-
pomethylation. These included the VAV1 oncogene, the
endothelial differentiation receptor (EDG6), the bone mar-
row stromal cell antigen 2 (BST2), the transcription factor
POU2F2 (OCT2), and the guanine nucleotide binding
protein (GNA15). Interestingly, the CpG loci correspond-
ing to EDG6 and BST2 were among the most hypomethy-
lated CpGs measured across the entire genome-wide
survey, ranking 1st and 11th of 27,578, respectively,
based on the average difference in � between primary
tumors and adjacent mucosa. Several CpG loci outside
of CpG islands, but upstream of known genes, also were
identified in our analysis. These included two kallikrein
genes (KLK2 and KLK15), two sialic acid–binding Ig-like
lectin-like protein genes (SIGLEC11 and SIGLEC12), and
three leukocyte Ig-like receptor genes (LILRA1, LILRA2,
and LILRA4). Their role in OPSCC is unknown.

Independent Validation of CpG Loci Differential
Methylation

We validated the differential methylation of the identified
CpG loci, both on a genome-wide scale and locally on
chromosome 19. First, we collected genomic DNA from
OPSCC primary tumor and normal mucosa for 21 inde-
pendent patients undergoing treatment for OPSCC at
Montefiore Medical Center in the Bronx (Table 1, patient
set 2). When global DNA methylation data were analyzed
for this second group of OPSCC patients, both in terms of
overall numbers of differentially methylated CpG loci on
each chromosome and the percentages of differentially
methylated CpG loci for each chromosome, we observed
a high level of agreement with the previous patient data
set (data not shown). We used this validation dataset to
empirically determine whether or not the use of a differ-
ence in � cut-off of 0.2 could be confirmed independently
using a separate statistical analysis with an independent

group of OPSCC patients. To do this, we performed in the
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second group of OPSCC patients a pairwise comparison
of � values between genomic DNA isolated from primary
OPSCC tumor and normal mucosal tissue samples using
a paired t-test. When examined on a genome-wide scale,
we observed that of the 958 differentially methylated CpG
loci identified in patient set 1, 928 (97%) showed a sta-
tistically significant difference in � values in patient data-
set 2 OPSCC tumors compared with their corresponding
normal mucosa (Table 3, Student’s paired t-test, P �
0.05). For each individual chromosome, at least 93% of
the differentially methylated CpG loci identified in patient
set 1 showed a significant difference in � values between
primary OPSCC tumors and their corresponding normal
mucosa in patient set 2. For 8 of the 24 chromosomal
datasets, 100% of the differentially methylated CpG loci
identified from patient set 1 were verified independently
in patient set 2. For chromosome 19, 48 of the 50 hyper-
methylated CpG loci (96%) identified from patient set 1
also showed significantly higher � values in patient da-
taset 2 OPSCC tumors compared with their correspond-
ing normal mucosa (Table 3, patient set 2, Student’s
paired t-test). Of the 28 hypomethylated CpG loci on
chromosome 19 that were identified in patient set 1, 27
(96%) showed a significant decrease in � values in pa-
tient dataset 2 OPSCC tumors compared with their cor-

responding normal mucosa (Table 3, patient set 2, Stu-
dent’s paired t-test). Overall, our results confirm that a
calculation of the difference in � values between pri-
mary OPSCC tumors and their corresponding normal
adjacent mucosa successfully could identify hyperm-
ethylated and hypomethylated CpG loci in OPSCC that
then could be validated in an independent OPSCC
patient population.

Within the chromosomal region of 19q13, we also
validated differential methylation at the individual CpG
level using bisulfite sequencing. To do this, we se-
lected two genes (ZNF447 and ZNF132) that were as-
sociated with differentially methylated CpG loci located
within the 6.5-Mb chromosomal region described ear-
lier. Bisulfite sequencing measured the methylation
status of CpG loci spanning the transcription start site
of each gene, and included the CpG loci measured on
the initial beadchip dataset. For both genes, we ob-
served a significant increase in the level of DNA hy-
permethylation in primary OPSCC tumor DNA com-
pared with adjacent mucosal samples from the same
patient when viewing multiple CpG loci across each
CpG island (Figure 2). This hypermethylation spanned
the transcription start site for each gene. Overall, these
results confirm the differences in methylation observed
from our initial beadchip data. Furthermore, these data

Figure 1. A: Chromosomal distribution of all
958 differentially methylated CpG loci according
to chromosomal location on the human genome.
Hypermethylated CpG loci (average difference,
�0.2) are shown in black, hypomethylated CpG
loci (average difference, ��0.2) are shown in
gray. Chromosome 18 showed the highest per-
centage of differentially methylated CpG loci in
our analysis (7.6%; n � 30 CpG loci) relative to
the number of CpG loci measured for each chro-
mosome on the beadchip (395 CpG loci).
B: Differentially methylated CpG loci on chromo-
some 19. Data points are plotted as the average
difference in � between OPSCC tumor and nor-
mal mucosa for the 24 patients in patient set 1
versus their chromosomal position. Points above
the ideogram are identified as hypermethylated
in OPSCC; those below the ideogram are identi-
fied as hypomethylated. Chromosome 19 had the
highest number of differentially methylated CpG
loci (n � 78) in our OPSCC patient samples.
When all 958 differentially methylated CpGs
were ranked according to their average differ-
ence in � across patient set 1, 14 of the top 50
differentially methylated CpG loci (28%) in our
dataset were located on chromosome 19.
confirm that the changes in methylation observed in
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just a couple of CpG loci on the beadchip are in fact
representative of a larger change in multiple CpG loci
spanning the CpG islands of these genes.

Hypermethylation of CpG Loci Corresponded to
Decreased Expression of Corresponding Genes

Aberrant DNA methylation is an event frequently associ-
ated with the transcriptional silencing of genes. We there-
fore wanted to examine the consequence of these newly

Table 2. Partial List of Differentially Methylated CpG Loci on Ch

Location CpG island Gene symbol Prod

3129759 19:3129659-3131083 EDG6 Endothelial differ
protein–coupl

6723831 19:6723684-6723897 VAV1 Vav 1 oncogene
9334696 19:9334490-9335153 ZNF177 Zinc finger prote
13477871 19:13477638-13478603 CACNA1A Calcium channe

isoform 2
17377329 19:17377186-17377387 BST2 Bone marrow str

antigen 2
42649837 19:42649044-42650631 ZNF569 Zinc finger prote
42650293 19:42649044-42650631 ZNF569 Zinc finger prote
42733963 19:42733846-42734771 ZNF540 Zinc finger prote
42734312 19:42733846-42734771 ZNF540 Zinc finger prote
47073790 CD79A CD79A antigen i

precursor
55156525 SIGLEC11 Sialic acid bindin

lectin 11
56026308 KLK15 Kallikrein 15 isof

preproprotein
56067705 KLK2 Kallikrein 2; pros
56696442 SIGLEC12 Sialic acid bindin

lectin-like 1 is
58327889 19:58327559-58328183 ZNF415 Zinc finger prote
58328121 19:58327559-58328183 ZNF415 Zinc finger prote
59186995 19:59186361-59187120 CACNG6 Voltage-depende

channel gamm
isoform a

59541550 LILRA4 Leukocyte immu
receptor; sub
member 4

59776830 LILRA2 Leukocyte immu
receptor; sub
member 2

59796968 LILRA1 Leukocyte immu
receptor; sub
member 1

61571383 19:61570983-61571926 ZNF542 Zinc finger prote
61680914 19:61679899-61681705 ZNF667 Zinc finger prote
61710660 19:61710502-61711930 ZNF471 Zinc finger prote
62730668 19:62730278-62731195 ZNF549 Zinc finger prote
62817765 19:62817155-62817951 ZNF134 Zinc finger prote
62912306 19:62911404-62912681 ZNF154 Zinc finger prote

92)
62912474 19:62911404-62912681 ZNF154 Zinc finger prote

92)
62930740 19:62930217-62931307 ZNF671 Zinc finger prote
62930886 19:62930217-62931307 ZNF671 Zinc finger prote
63150791 19:63150421-63151659 ZNF256 Zinc finger prote
63206506 19:63205137-63206903 ZNF606 Zinc finger prote
63236961 19:63236212-63238223 ZSCAN1 Zinc finger and S

containing 1
63262280 19:63262091-63264376 ZNF135 Zinc finger prote

pHZ-17)
63301285 19:63301096-63301898 ZNF447 Zinc finger prote
63301618 19:63301096-63301898 ZNF447 Zinc finger prote
63643246 19:63642983-63644185 ZNF132 Zinc finger prote

pHZ-12)
63643484 19:63642983-63644185 ZNF132 Zinc finger prote

pHZ-12)

CpG loci are sorted according to position on the chromosome. The d
primary tumors and adjacent mucosa for patient set 2, are reported for e

*Pairwise t-test comparing � values for primary OPSCC tumor with ad
identified hypermethylation events on corresponding
gene expression. We measured expression of ZNF447
and ZNF132 in a subset of oropharyngeal cancer patients
using quantitative TaqMan real-time PCR. For both
genes, we observed a significant decrease in expression
in primary oropharyngeal tumors compared with adjacent
mucosa from the same patient (Figure 3). Taken together,
these results show that hypermethylation of CpG loci in
the CpG islands of ZNF447 and ZNF132 is accompanied
by a corresponding decrease in expression of the gene
in OPSCC primary tumors. Overall, the findings identify a

me 19

Patient set 1 Patient set 2 Patient set 2 Patient set 2

Average
difference in
� (OPSCC
vs mucosa)

Average �
(OPSCC,
N � 21)

Average �
(mucosa,
N � 21) P value*

; G-
tor 6

�0.37 0.37 0.72 �0.001

�0.22 0.33 0.52 �0.001
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an important role in the development and progression of
oropharyngeal cancer.

Discussion
As with other cancers, epigenetic factors have emerged
as a significant mechanism of transcriptional silencing of
critical genes in HNSCC.17 In fact, it is now known that
such DNA methylation events represent an important tu-
mor-specific marker occurring early in tumor progres-
sion. The identification of genes specifically silenced by

Table 3. Genome-Wide Validation of Differentially Methylated C

Chromosome

Total no. CpGs
Differentially m

in pat

(% total) (differenc

1 2904 (10.5)
2 1712 (6.2)
3 1523 (5.5)
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5 1159 (4.2)
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Y 7 (0.03)

Total 27,578
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DNA methylation represents a powerful approach for the
comprehensive identification of new tumor suppressor
genes in HNSCC. To date, promoter hypermethylation
has been associated with the transcriptional silencing of
more than 90 genes in human neoplasias.18 However,
recent studies suggest that gene silencing by promoter
hypermethylation is more common in human cancer than
originally thought and may have a causal relationship
with tumor development and progression.19
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CpG loci showing alteration in DNA methylation (�96%)
were validated in an independent population of oropha-
ryngeal cancer patients. Furthermore, the differentially
methylated CpG loci represented approximately 2% to
4% of the total CpG loci measured for any given chromo-
some with six chromosomes having �4% methylation: 18
(7.6%), 8 (5.4%), 5 (5.0%), 7 (4.9%), 21 (4.1%), and 19
(4.1%). We were also aware of the fact that some alterations
in global methylation have been associated with HPV status
in head and neck cancer cases.20,21 However, in our data-
set of 958 differentially methylated CpG loci, only a very
small subset (2.5%) had a differential methylation status that
correlated significantly with the HPV status of the patient
(Student’s t-test, P � 0.01). Only one of these (cg07054095
associated with ZNF549) was located within the 6.5-Mb

Figure 3. Relative expression of ZNF447 (A) and ZNF132 (B) in oropharyn-
geal primary tumor samples and adjacent mucosal samples measured using
TaqMan quantitative real-time PCR. Expression data were normalized to
glyceraldehyde-3-phosphate dehydrogenase. P values were calculated using
a Wilcoxon t-test to look for a statistical difference in expression between
paired primary tumor and adjacent mucosal tissue. Patient identifiers are
shown at the bottom of each graph. One sample pair (HN62) did not have
sufficient RNA for expression analysis. Additional OPSCC sample pairs were
included in this expression analysis for which DNA was not available for
methylation analysis. Error bars indicate the SE of three independent mea-
surements of gene expression for each RNA sample.
region of 19q13 mentioned earlier.
Of the 78 CpG loci identified on chromosome 19, 50
were identified as hypermethylated in OPSCC tumors
compared with corresponding normal adjacent mu-
cosa. All of these resided within the boundaries of CpG
islands. Within that list of 50 CpG loci and associated
genes, neither of the two subunits of calcium channels
(CACNA1A and CACNG6) previously had been identi-
fied in OPSCC, although CACNA1A was one of three
genes, along with p16INK4A and p19ARF, identified
by restriction landmark genomic scanning as hyperm-
ethylated in poorly differentiated prostate tumors of
the transgenic adenocarcinoma of mouse prostate
(TRAMP) model.22 Perhaps most intriguing is the fact
that the vast majority of the hypermethylated CpG loci
identified on chromosome 19 were associated with
genes belonging to the Krüppel-type zinc finger pro-
tein family. There are estimated to be more than 600
Krüppel-type genes in the human genome, and many
appear to exist in clustered families.23 In situ hybrid-
ization experiments have indicated that a large number
of these genes are located on chromosome 19.24 Fur-
thermore, clusters of ZNF genes appear to be concen-
trated in six major clusters along the length of chromo-
some 19.25 Members of this family are known to be
involved in diverse cellular processes including cellu-
lar differentiation, proliferation, apoptosis, and neo-
plastic transformation.16,26 Of the genes we studied,
only ZNF447 (also known as ZSCAN18) has been
shown to be silenced by methylation in some esopha-
geal SCC cell lines.27

Several of the other Krüppel-type genes identified here
have been implicated in other cancers. For example,
ZNF177 recently was identified as a methylation-silenced
gene in gastric cancer using a gene expression microar-
ray approach in combination with the demethylating
agent 5-aza-2=-deoxycytidine.28 Similarly, analysis of
pancreatic adenocarcinoma and normal pancreas using
a promoter microarray platform in combination with meth-
ylation-specific PCR and bisulfite sequencing success-
fully identified the ZNF415 gene promoter as aberrantly
hypermethylated in this disease.29 Both ZNF540 and
ZNF569 have been shown to act as transcriptional re-
pressors of the mitogen-activated protein kinase signal-
ing pathway to mediate cellular functions.30,31 Finally,
Krüppel-family gene ZNF382, which is silenced by meth-
ylation in multiple carcinomas, recently was shown to be
a proapoptotic tumor suppressor gene capable of re-
pressing multiple oncogenes.32

Within the group of hypomethylated genes identified
within chromosome 19, up-regulation of bone marrow
stromal cell antigen 2/CD317 recently was reported in
head and neck squamous cell carcinoma in an analysis
of larynx-derived serial analysis of gene expression
libraries.33 Furthermore, expression of bone marrow stro-
mal cell antigen 2/CD317 was shown by real-time RT-
PCR, Western blot, and TMA to be increased significantly
in the bone metastatic breast cancer cell lines and tumor
tissues compared with non–bone metastatic breast can-
cer cell lines and tumor tissues.34 For the CD79A/MB-1
gene, examination of lymphoid cell lines and nonlym-

phoid tissues has shown a lineage-specific correlation
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between demethylation in the 5= region and expression of
this gene.35 Similarly, the identification of the Vav1 onco-
gene on chromosome 19 in OPSCC supports a study
highlighting promoter demethylation of this gene as an
important event in prostate cancer progression.36 In fact,
high levels of Vav1 expression have been shown to have
prognostic value in human breast cancer cases.37 Fi-
nally, KLK2 and KLK15 expression levels have been
shown to be increased in prostate and ovarian cancers,
respectively.38,39 In the case of ovarian cancer, KLK15
overexpression was also a significant predictor of re-
duced progression-free survival.39

These methylation events on chromosome 19 repre-
sented some of the largest methylation changes we ob-
served in our genome-wide survey. For the genes that we
tested, these changes corresponded with a significant
decrease in gene expression in tumors, suggesting an
epigenetic mechanism of gene silencing. Furthermore,
these observations are consistent with what is known in
other neoplastic diseases for ZNF177 and ZNF447/
ZSCAN18.27,28 However, many questions remain unan-
swered. First, the downstream targets of many of these
genes are not known. We are now examining the conse-
quences of re-expression of ZNF447 and ZNF132 in oro-
pharyngeal SCC cell lines, and using a genome-wide
high-throughput expression platform to identify potential
targets. Second, we do not know whether the aberrant
hypermethylation observed on chromosome 19q13 is
specific to the oropharynx, or is also seen in other head
and neck cancers. However, our initial profiling of meth-
ylation in oral cavity primary tumors and adjacent mucosa
from 18 oral cavity SCC patients revealed that 12 of the
14 chromosome 19–specific CpG loci mentioned earlier
as being associated with Krüppel family zinc finger pro-
tein genes also showed a statistically significant increase
in methylation levels in these primary tumors (data not
shown). This suggests that these methylation events oc-
cur in primary head and neck tumors across multiple
anatomic sites. Finally, although we have designed this
analysis to focus on the differences in DNA methylation
events between primary tumors and corresponding nor-
mal mucosa, we also plan to use the primary tumor data
described here to identify methylation events predictive
of clinical parameters in this disease.

In conclusion, the work described in this report has
uncovered hundreds of new targets of aberrant methyl-
ation and possible epigenetic regulation in oropharyn-
geal cancer. Overall, the aberrant methylation of these
genes, including the many Krüppel-type genes men-
tioned in this report, represents a new avenue of explo-
ration for pathways affected in oropharyngeal cancer.
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