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High-risk types of human papilloma virus (HPV) are increasingly associated with oropharyngeal squamous 
cell carcinoma (OPSCC). Strikingly, patients with HPV-positive OPSCC are highly curable with ionizing radia-
tion and have better survival compared with HPV-negative patients, but the underlying molecular mecha-
nisms remain poorly understood. We applied an array-based approach to monitor global changes in CpG 
island hypermethylation between HPV-negative and HPV-positive OPSCCs and identified a specific pattern 
of differentially methylated regions that critically depends on the presence of viral transcripts. HPV-related 
alterations were confirmed for the majority of candidate gene promoters by mass spectrometric, quantita-
tive methylation analysis. There was a significant inverse correlation between promoter hypermethylation of 
ALDH1A2, OSR2, GATA4, GRIA4, and IRX4 and transcript levels. Interestingly, Kaplan-Meier analysis revealed 
that a combined promoter methylation pattern of low methylation levels in ALDH1A2 and OSR2 promoters 
and high methylation levels in GATA4, GRIA4, and IRX4 promoters was significantly correlated with improved 
survival in 3 independent patient cohorts. ALDH1A2 protein levels, determined by immunohistochemistry 
on tissue microarrays, confirmed the association with clinical outcome. In summary, our study highlights 
specific alterations in global gene promoter methylation in HPV-driven OPSCCs and identifies a signature 
that predicts the clinical outcome in OPSCCs.

Introduction
Head and neck squamous cell carcinoma (HNSCC) is one of the 
most prevalent and lethal cancers worldwide (1, 2). Although 
improvements have been achieved in early detection, surgical tech-
niques, and radiation and chemotherapeutic regimens, the sur-
vival rate has only marginally improved over the past decades (3). 
Accordingly, appropriate therapy and stratification of patients at 
high risk of treatment failure remains a major challenge for trans-
lational and personalized head and neck oncology.

The principal risk factors for HNSCC are tobacco and alcohol 
use (4). However, the escalating incidence of oropharyngeal squa-
mous cell carcinoma (OPSCC) in the absence of a parallel rise in 
smoking and alcohol consumption suggests the involvement of 
additional nontraditional behavioral and environmental factors 
(5, 6). Indeed, infection by high-risk types of the human papil-
loma virus (HPV), most frequently type HPV16, has been found to 

be etiologically associated with an increasing number of patients 
with OPSCC (7–9). Although the majority of patients with HPV-
positive OPSCC presents with an advanced stage of the disease at 
the time of diagnosis, these patients show a favorable prognosis 
independent of the therapeutic treatment regimen (10, 11). HPV-
positive OPSCCs show differences in viral load and viral oncogene 
expression that are closely associated with clinical outcome (8, 
10, 12, 13). In particular, it has been demonstrated that specific, 
cervical carcinoma–like viral transcript patterns were superior to 
viral DNA status alone in defining OPSCC with an active HPV16 
involvement (HPV-driven OPSCC) (12).

Despite the growing evidence that HPV infection represents a 
major risk factor for OPSCC and may serve as an important pre-
dictor for patient survival and treatment decision making, knowl-
edge of the underlying molecular mechanisms responsible for dif-
ferences in the clinical behavior of patients with HPV-driven and 
non–HPV-driven tumors remains rather limited (1, 2, 7, 14).

Aberrant DNA hypermethylation within gene promoters is a 
hallmark in various human malignancies, including HNSCC 
(15–17), and usually results in downregulation of the associated 
genes. However, gene silencing via gene promoter methylation is 
still a novel concept to explain the development of HNSCC; in 
particular, its effect on the pathogenesis of HPV-driven OPSCC as 
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Figure 1
Global HPV-related CpG island methylation changes in OPSCC samples. (A) Top: 
Whole-genome distribution of DMRs commonly hypermethylated and represented at 
least once in all 3 groups. Line height corresponds to sample number (minimum, 3;  
maximum, 15). Middle: Exemplary distribution of DMRs on chromosome 5 and chro-
mosome 8 of group A (HPV DNA–RNA–), group B (HPV DNA+RNA–), and group C  
(HPV DNA+RNA+). Line height corresponds to sample number (minimum, 1;  
maximum, 5). Bottom: Enlarged view of the promoter CpG island regions of IRX4 
and OSR2. Boxed red bars represent promoter CpG island array probes hypermeth-
ylated in at least 3 of 5 samples from patient group A, B, or C. (B) Distribution of 
OPSCC-related hypermethylated probes (HMPs). The number of common top 5% 
HMPs (y axis) observed in increasing OPSCC sample numbers is plotted against 
the number of samples (x axis). The black curve shows the binomial distribution 
expected under the null hypothesis and the red curve shows the observed distribu-
tion. Inset: Enlargement (x axis coordinates, 1–15; y axis coordinates, 0–10,000). 
(C) PCA using all array-derived M values of the 15 OPSCC samples (Tu01–Tu15). 
(D) Unsupervised cluster analysis of hypermethylated DMRs. (E) Target diagrams 
summarizing the number of hypermethylated DMRs specific for the non–HPV-driv-
en and HPV-driven OPSCC samples (see also Supplemental Tables 22 and 23). 
The candidate genes selected for confirmation are indicated.
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well as the improved clinical outcome of affected patients remains 
obscure (14). To date, the vast majority of published data did not 
provide a strong association between patterns of DNA hypermeth-
ylation and overall survival (OS) (18), and only a few studies con-
sidered the HPV status (19–22).

A better understanding of molecular principles underlying the 
more favorable prognosis of HPV-driven OPSCC patients will 
certainly enable better classification of treatment responders and 
patients at high risk for treatment failure, thereby supporting 
therapeutic decision making. Additionally, it will result in inno-
vative concepts for individualized treatment of both HPV-driven 
and non–HPV-driven OPSCCs, based on the etiology and biology 
of these tumors. Consequently, we focused our attention on HPV-
dependent alterations in the gene promoter methylome: its chemi-
cally stable nature makes this epigenetic modification an attrac-
tive novel molecular biomarker for disease staging and prognosis, 
while its physiological reversibility makes it a potent druggable 
target for translational head and neck oncology. Here, we describe 
the identification of a signature for HPV-related gene promoter 
methylation by a genome-wide, array-based approach. The sig-
nature was confirmed by quantitative, gene-specific methylation 
analysis in 3 larger independent patient cohorts. Furthermore, 
we demonstrate that gene promoter hypermethylation inversely 
correlates with transcript and protein levels of affected candidate 
genes and present a methylation signature score that reliably pre-
dicts the clinical outcome of OPSCC patients.

Results
HPV-related alterations in global DNA hypermethylation in OPSCC. 
We enriched highly methylated genomic DNA by methyl-CpG 
IP (MCIp) from a healthy mucosa control and 3 OPSCC patient 
subgroups categorized by HPV status: group A was DNA–RNA– 
(OPSCC patients 1–5, corresponding to tumor DNA samples 
Tu01–Tu05); group B was DNA+RNA– (patients 6–10 and Tu06–
Tu10); and group C was DNA+RNA+ (patients 11–15 and Tu11–
Tu15). All 15 patients, together designated as cohort 1, were male 
with a median age of 57 years (range, 47–70 years; Supplemental 
Table 1; supplemental material available online with this article; 
doi:10.1172/JCI67010DS1). Individual enriched tumor DNA sam-
ples were cohybridized with the enriched control on 244K CpG 
island arrays. The array-derived M values were used in a stepwise 
selection process (see “Candidate gene selection” in Methods) to 
identify differentially methylated regions (DMRs) being hyper-
methylated in the individual OPSCC subgroups (Figure 1A and 
Supplemental Table 2). Nonrandom occurrence of the top 5% dif-
ferentially methylated CpG island microarray probes among the 
15 OPSCC samples was observed (Figure 1B), indicative of associa-
tion of aberrant DNA hypermethylation patterns with the disease. 
Overall, 4,219, 5,002, and 3,573 DMRs were identified in groups A, 
B, and C, respectively (Supplemental Tables 3–5); moreover, 892, 
987, and 838 DMRs were found in annotated gene promoters in 
the respective groups. Common among all 3 groups were 2,161 
DMRs, of which 520 were located in annotated gene promoters 
(Supplemental Tables 6–21).

To examine whether the methylation data reflected the HPV 
status of the 15 OPSCC samples, we applied principal compo-
nent analysis (PCA), using all array-probe M values from samples 
Tu01–Tu15 as the measure of enrichment. Components 1, 2, and 3 
with the largest variances distinguished 2 groups, Tu01–Tu10 and 
Tu11–Tu14, while Tu15 behaved as an outlier (Figure 1C). Unsu-

pervised cluster analysis of differentially methylated probes con-
firmed the grouping of Tu01–Tu10 and Tu11–Tu14, while Tu15 
clustered with Tu01–Tu10, yet was the least related (Figure 1D). 
Among patients 11–15, with identical HPV status (DNA+RNA+), 
patient 15 was the only one who was not event-free with regard to 
progression-free survival (PFS). Based on HPV RNA status, PCA, 
and clustering data, we therefore combined groups A and B (both 
HPV RNA–; Tu01–Tu10) in a single group designated non–HPV-
driven, while group C (HPV RNA+; Tu11–Tu15, Tu15 still included 
because of being HPV RNA+) was designated HPV-driven. In total, 
137 hypermethylated DMRs were enriched in the non–HPV-driven 
OPSCCs (present in at least 3 of 5 patients per group and in less 
than 3 of 5 samples within the group of comparison), of which 
37 DMRs were located in annotated gene promoters. Conversely, 
812 hypermethylated DMRs were enriched in HPV-driven tumors, 
and 218 of these DMRs were located in annotated gene promoters 
(Figure 1E and Supplemental Tables 22 and 23).

Confirmation of gene promoter DMRs by quantitative DNA methylation 
analysis in 2 independent OPSCC patient cohorts. We applied STRING 
network analysis (23) for all genes with promoter DMRs identified 
per HPV status (37 and 218 for non–HPV-driven and HPV-driven, 
respectively) and selected 22 among those with physical and/or 
functional interactions that were hypermethylated in HPV-driven 
(n = 11) or non–HPV-driven (n = 11) tumors for further analysis 
(Figure 1E and Supplemental Figure 1). We confirmed the array-
based methylation data of all gene promoter DMRs in cohort 1 by 
mass spectrometric analysis (MassARRAY), excepting the DMR 
of PAX6 (Figure 2 and Supplemental Figures 2 and 3). Moreover, 
methylation levels of 15 DMRs were significantly different between 
HPV-driven and non–HPV-driven tumors (Figure 2, B and C).

To further corroborate the methylation state of HPV-associated 
promoter DMRs, we analyzed ALDH1A2, OSR2, GATA4, GRIA4, 
and IRX4 by MassARRAY in 2 independent, larger cohorts 
of OPSCC patients with known HPV status. Cohort 2 (n = 85; 
Supplemental Table 1) included patients that were treated at 
Heidelberg University Hospital (n = 33 HPV DNA–RNA–; n = 25 
HPV DNA+RNA–; n = 27 HPV DNA+RNA+), and cohort 3 (n = 70; 
Supplemental Table 1) included patients that were treated at the 
Leipzig University Hospital (n = 41 HPV DNA–RNA–; n = 18 
HPV DNA+RNA–; n = 11 HPV DNA+RNA+). The genes were cho-
sen because of their robust methylation differences observed 
within cohort 1 and the inverse correlation between methyla-
tion state and transcript level (see below). In agreement with 
our data from cohort 1, DMR methylation states were signifi-
cantly different between the HPV-driven and the non–HPV-
driven OPSCC cases in both cohorts (P < 0.001, Mann-Whitney 
U test; Figure 3 and Figure 4, A and C).

Gene promoter hypermethylation inversely correlates with transcript 
levels. It is well established that gene promoter hypermethylation 
may downregulate transcription of the affected gene (24). We 
performed quantitative RT-PCR (qRT-PCR) analysis with cDNA 
from the 15 tumor samples of cohort 1 and observed a signifi-
cant inverse correlation between gene promoter hypermethyl-
ation and relative transcript levels for ALDH1A2 and OSR2, which 
were hypermethylated in non–HPV-driven tumors, and for GRIA4, 
IRX4, GATA4, which were hypermethylated in HPV-driven tumors 
(Supplemental Figure 4). The same inverse correlation was also 
observed for ALDH1A2, OSR2, GATA4, GRIA4, and IRX4 in analy-
ses of cDNA from 30 tumor samples of cohort 2 (n = 6 HPV DNA–

RNA–; n = 11 HPV DNA+RNA–; n = 13 HPV DNA+RNA+; Figure 4B).  
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Figure 2
Confirmation of DMRs by quanti-
tative mass spectrometric analy-
sis. (A) Exemplary heatmaps of 
promoter DMRs of ALDH1A2 and 
IRX4 with single CpG units (lines). 
ALDH1A2 proved to be hyper-
methylated in the non–HPV-driven 
tumors (Tu01–Tu10), IRX4 in the 
HPV-driven tumors (Tu11–Tu15). 
A healthy mucosa sample served 
as control; standards (Std) for 
0%, 40%, and 100% methylation 
were included. Schemes above 
the heatmaps display the tran-
scriptional start site (arrow) of the 
genes (black bars), the relative 
location of the CpG islands, and 
the MassARRAY amplicons (MA). 
(B) Significantly different hyper-
methylation in non–HPV-driven 
versus HPV-driven samples 
for ALDH1A2, FKBP4, GDNF, 
OSR2, PROX1, and WIF1. (C) 
Significantly different hypermeth-
ylation in HPV-driven versus non–
HPV-driven samples for BDNF, 
EOMES, GATA4, GFRA1, GRIA4, 
HOXA13, IRX4, SOX1, and TBX5. 
Bars denote medians. **P < 0.01, 
*P < 0.05, Mann-Whitney U test.
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Taken together, our data suggest that ALDH1A2, OSR2, GATA4, 
GRIA4, and IRX4 gene transcription is regulated by gene pro-
moter hypermethylation, which in turn correlates with HPV sta-
tus in OPSCC tumors.

HPV-related promoter methylation states correlate with the clinical 
outcome of OPSCC patients. We investigated whether the promoter 
methylation states of selected candidate genes ALDH1A2, OSR2, 
GATA4, GRIA4, and IRX4 correlate with the clinical outcome of 
OPSCC patients, using Heidelberg cohorts 1 and 2 combined  
(n = 100; referred to hereafter as cohort 1/2). We defined 2 methyla-
tion states, high and low, corresponding to above and below the 
median methylation value of all patients in the combined cohort, 
respectively. PFS and OS revealed a highly significant correlation 
(P < 0.001, log-rank/Mantel-Cox test) between states ALDH1A2lo, 
OSR2lo, GATA4hi, GRIA4hi, or IRX4hi and improved clinical outcome 
(Supplemental Figure 5). Furthermore, a strong pairwise correla-
tion for methylation states of all 5 genes was observed (Spearman 
rho correlation, P < 0.001; r ranging from 0.505 to 0.718 for posi-
tive correlations and –0.303 to –0.465 for inverse correlations) and 
prompted us to define a score ranging 0–5 with respect to the meth-
ylation signature ALDH1A2lo, OSR2lo, GATA4hi, GRIA4hi, IRX4hi for 
further analysis (see Methods for details). Indeed, a high score of 
3–5 significantly correlated with a good clinical outcome of OPSCC 
patients (P < 0.001, log-rank/Mantel-Cox test), whereas a low score 
of 0–2 correlated with a worse clinical outcome (Figure 5, A and B). 
Strikingly, the prognostic power of the methylation signature score 
concerning PFS and OS even appeared superior to that of HPV sta-
tus (as defined by both DNA and RNA viral status, as previously 
described; Figure 5, C, and D, Supplemental Figure 6A, and ref. 12) 
or that of HPV DNA and p16 status (Supplemental Figure 6B and 
Supplemental Tables 25 and 26). Moreover, the strong correlation 
of the methylation signature score with clinical outcome was evi-
dent after stratification according to distinct HPV RNA patterns, 
HPV DNA viral load, and first-line treatment modality (Supple-
mental Figure 7, A–D, Supplemental Tables 25 and 26, and ref. 12). 
Multivariate models (Cox regression) for subgroups analyses were 
performed in order to assess the prognostic value of methylation 
score groups on both OS and PFS and showed highly significant 
differences for HPV status (P < 0.0001), as defined by both HPV 
DNA and RNA consideration, HPV DNA viral load, RNA patterns, 
and DNA/p16 status (Supplemental Table 26).

Methylation signature score correlates with clinical outcome of OPSCC 
patients in 2 independent validation cohorts. To confirm the prognostic 
value of the methylation signature score, we performed quantita-
tive MassARRAY and survival analysis for 2 independent OPSCC 
patient cohorts. The first, cohort 3 (Leipzig), consisted of patients 
of a current prospective study with a median follow-up of 14.5 
months (range, 1–49 months; n = 70). Analyses of PFS and OS with 
respect to promoter methylation pattern of individual candidate 
genes revealed similar findings as those of cohort 1/2 (Supplemen-

tal Table 27), and the methylation signature score reliably predicted  
the clinical outcome (P = 0.009; Figure 6, A and B), even after strati-
fication according to HPV status (Supplemental Figure 6C).

The second validation cohort, cohort 4 (Chicago), represented 
patients with chemoradiation as first-line treatment (n = 50); again, 
Kaplan-Meier analysis confirmed the strong predictive power of 
the methylation signature score with respect to clinical outcome  
(P < 0.001; Figure 6, C and D, and Supplemental Table 28).

Correlation between ALDH1A2 protein level and clinical outcome. The 
candidate gene ALDH1A2 encodes aldehyde dehydrogenase family 1 
member A2 (ALDH1A2; also known as RALDH2), a putative tumor 
suppressor and key player in retinoid metabolism and signaling 
(25–28). We determined ALDH1A2 protein levels by immuno histo-
chemical staining of tissue microarrays generated from primary 
tumors of 115 OPSCC patients with known HPV status (n = 89 non–
HPV-driven; n = 26 HPV-driven; Supplemental Table 29). Immuno-
histochemical staining revealed low to moderate ALDH1A2 protein 
levels (combined as ALDH1A2low) in keratinocytes of healthy muco-
sa as well as 73 (63.5%) primary tumors, and high ALDH1A2 protein 
levels in 42 (36.5%) primary tumors (Figure 7A). In line with our 
previous finding that a low ALDH1A2 promoter methylation state is 
common in HPV-driven OPSCCs accompanied with increased tran-
script levels, we found significantly higher ALDH1A2 protein levels 
in HPV-driven than non–HPV-driven tumors (Figure 7B). More-
over, PFS and OS strongly correlated with the ALDH1A2 protein 
expression level (OS, P < 0.001; PFS, P = 0.001; log-rank/Mantel-Cox  
test; Figure 7, C and D).

Discussion
Epidemiological and clinical studies highlighted an unexpected 
heterogeneity for HNSCC concerning etiology as well as envi-
ronmental, cellular, and molecular features, hampering accurate 
prognosis, treatment planning, and identification of causative 
genes that may serve as molecular drug targets (1, 2). Several 
groups used comparative genomic hybridization and whole 
exome sequencing to identify genomic imbalance and somatic 
gene mutations in HNSCCs, including samples of HPV-positive 
tumors (29–34). These studies unraveled an obvious difference 
in the genetic landscape, with significantly more mutations in 
HPV-negative compared with HPV-positive tumors, support-
ing the hypothesis that better clinical outcome of patients with 
HPV-positive tumors is simply a reflection of less genetic aber-
rations at the time of treatment. In this study, we screened the 
CpG island methylome of 15 OPSCC tumors and identified spe-
cific methylation signatures (corroborated by 3 larger and inde-
pendent cohorts of OPSCC patients) that discriminated between 
HPV-driven and non–HPV-driven cases and strongly correlated 
with patient outcome. Our data demonstrated that, in addition 
to genetic aberrations, epigenetic alterations may also critically 
contribute to histopathological and clinical differences between 
HPV-driven and non–HPV-driven tumors.

In line with previous findings that heterogeneity — with respect 
to biological and clinical behavior of OPSCC cases typed positive 
for HPV DNA — is a reflection of viral load and viral oncogene 
expression (12, 13, 35–44), our HPV DNA+RNA– OPSCC cases 
were closer to HPV-negative than were the HPV DNA+RNA+ cases 
with respect to aberrant DNA methylation changes. Our data sug-
gest that differences in DNA methylation are mediated by active 
viral transcription and not merely by the presence of viral DNA. 
Indeed, expression of HPV16 oncoproteins E6 and E7 has been 

Figure 3
DNA methylation patterns of gene promoter DMRs for ALDH1A2, 
OSR2, GATA4, GRIA4, and IRX4 in an independent and larger 
cohort. Methylation heatmaps from MassARRAY analysis of cohort 
2 with 85 OPSCC patients (Tu16–Tu100; Heidelberg University Hos-
pital). DNA–RNA–, n = 33 (Tu16–Tu48); DNA+RNA–, n = 25 (Tu49–
Tu73); DNA+RNA+, n = 27 (Tu74–Tu10r0). A healthy mucosa sample 
served as control; standards for 0%, 40%, and 100% methylation 
are also depicted.
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shown to modulate the expression and function of key regulators 
in DNA methylation, such as DNMT1 and DNMT3B (45–47), but 
the underlying molecular mechanisms by which HPV components 
contribute to DNA methylation changes of the host cell genome 
remain to be addressed.

Despite the relatively small number of OPSCC cases in the ini-
tial array-based methylome screen (i.e., cohort 1), we confirmed 
selected DMRs by quantitative methylation analysis in 3 much 
larger, independent OPSCC cohorts. This high reliability of our 
initial screen may be attributed to both the stringent selection 

criteria applied and to the stable nature and specificity of aber-
rant DNA methylation in HPV-driven OPSCCs. We selected 5 
genes for a more detailed analysis, based on their robust dif-
ference in HPV-dependent gene promoter hypermethylation in 
larger OPSCC patient cohorts and their highly significant and 
inverse correlation between gene promoter hypermethylation 
and transcript levels in tumor samples. We identified a pro-
moter methylation signature of 5 genes — ALDH1A2lo, OSR2lo, 
GATA4hi, GRIA4hi, and IRX4hi — that not only characterized HPV-
driven tumors, but also highly correlated with (and, hence, may 

Figure 4
DNA methylation levels of gene 
promoter DMRs and transcript 
levels of ALDH1A2, OSR2, 
GATA4, GRIA4, and IRX4. (A) 
Confirmation of HPV-related 
gene promoter methylation 
for ALDH1A2, OSR2, GATA4, 
GRIA4, and IRX4 in the com-
bined cohort 1/2 (Heidelberg) 
(n = 100) by MassARRAY. 
Each symbol represents the 
mean of all CpG units in a 
sample amplicon. Bars denote 
medians. ***P < 0.001, Mann-
Whitney U test. (B) Correla-
tion between gene promoter 
methylation (mean of all CpG 
units) and transcript levels of 30 
samples from cohort 2. Statisti-
cal nonparametric comparison 
for correlation between meth-
ylation and expression values 
was performed by Spearman’s 
Rho method (r is indicated). 
*P < 0.05, **P < 0.01, 2-tailed 
Spearman’s Rho test. (C) Con-
firmation of the discriminating 
methylation signature of 5 gene 
promoters in validation cohort 
3 (Leipzig) (n = 70). Each sym-
bol represents the mean of all 
CpG units in a sample ampli-
con; bars denote medians.  
***P < 0.001, Mann-Whitney  
U test. 
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serve as reliable predictor for) better OPSCC patient clinical 
outcome. Aberrant promoter hypermethylation of ALDH1A2, 
OSR2, GATA4, and GRIA4 as such is not a novel finding and has 
already been described in established human tumor cell lines or 
in tumor samples (27, 48–56). A striking novelty, however, was 
the robust correlation of the methylation signature score with 
the clinical outcome of OPSCC patients, which was confirmed 
in 3 independent cohorts, independent of HPV status or first-
line treatment modality.

Considering the current debate in the field of head and neck 
oncology on de-escalating the treatment regimen of HPV-driven 
tumors to reduce toxicity and morbidity (57), our 5-gene methyla-
tion signature may enable a refined classification for appropriate 
treatment options of OPSCC patients, regardless of their HPV sta-
tus. Accordingly, validation of the methylation signature score in 
a prospective and multicenter study including OPSCC, but also 
HNSCCs of other locations, is warranted.

So far, studies on the association between HPV and aberrant 
gene promoter methylation in HNSCC are merely descriptive 
and lack causal explanation for differences in clinical behavior 

(19, 20, 58, 59). Only one study (22) identified a potential causal 
link among HPV, promoter hypermethylation of SMG1 (encod-
ing a PI3K-related kinase involved in the maintenance of genome 
integrity via genotoxic stress response pathways; refs. 60, 61), and 
enhanced radiation sensitivity of cultivated cells.

Several in vitro studies described functional interference by 
HPV16 with retinoid signaling in keratinocyte differentiation 
and transformation (62–67). Whether this interference con-
tributes to HPV-related pathogenesis is unclear, yet it may offer 
novel treatment options. A common feature of the 5 methylation 
signature genes identified in our study is their involvement in 
tissue development and regeneration, and 4 of them, ALDH1A2, 
OSR2, GATA4, and IRX4, are related to retinoid metabolism and 
signaling (25, 26, 68–74). Since retinoic acids exert potent effects 
on cell growth, differentiation, and apoptosis, targeting one or 
a combination of the 4 genes and thereby modulating retinoid 
metabolism and signaling may offer novel avenues in success-
ful treatment of OPSCC (75, 76). Interestingly, a recent study 
demonstrated that a retinoic acid–rich tumor microenvironment 
is required for cytotoxic T cell accumulation accompanied by 

Figure 5
A signature of 5-gene promoter DMRs is associated with the clinical outcome of OPSCC patients. Kaplan-Meier plot for OS (A) and PFS (B) with 
regard to methylation signature score (MS) based on the 5 promoter DMRs in cohort 1/2 (Heidelberg): ALDH1A2, OSR2, GATA4, GRIA4, and 
IRX4. Kaplan-Meier plot for OS (C) and PFS (D) with regard to the methylation signature score stratified for HPV status in cohort 1/2. P values 
were derived by log-rank/Mantel-Cox test.
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protective antitumor immunity (77), and it is worth mentioning 
that an improved clinical outcome of OPSCC patients has been 
shown to be associated with increased amounts of peripheral and 
tumor infiltrating T cells (78, 79).

The protein ALDH1A2 belongs to a large family of aldehyde 
dehydrogenases and represents the rate-limiting enzyme in the 
production of retinoic acid from retinaldehyde (25, 80). Although 
ALDH1A2 expression has been observed in normal and tumor stem 
cells (28), several reports support its role as a putative tumor sup-
pressor gene in prostate and ovarian cancer (27, 68, 81). In line with 
these findings, we observed a strong correlation between ALDH1A2 
protein levels and favorable clinical outcome of OPSCC patients.

In summary, we identified an HPV-related promoter methyla-
tion signature of 5 genes with strong correlation to and strong pre-
dictive power for clinical outcome of OPSCC patients. Concerning 
clinical application, detection of the newly identified methylation 
signature score at the time of first diagnosis offers a novel strategy 
of stratification to discriminate patients at high risk for treatment 
failure, who will urgently need multimodal therapy, and those who 
will benefit from treatment de-escalation to avoid toxic side effects 
and improve quality of life. Moreover, encoded proteins that are 
affected by gene promoter methylation or other key players in the 
retinoic acid signaling pathway may represent promising drug tar-
gets for innovative and more efficient cancer therapy.

Methods

Patient samples
Tumor samples of cohorts 1 and 2 as well as specimens for tissue 
microarray analysis were obtained from OPSCC patients treated at the 
University Hospital Heidelberg between 1990 and 2008. Clinical and fol-
low-up data were provided by the Department of Otolaryngology, Head 
and Neck Surgery, at the University Hospital Heidelberg (Supplemental 
Tables 1, 25, 26, and 29). Tissue specimens from OPSCC patients were pro-
vided by the tissue bank of the National Center for Tumor Disease (Insti-
tute of Pathology, University Hospital Heidelberg) after approval by the 
local institutional review board (ethic vote 206/2005).

DNA and RNA from tumors of reference cohort 3 were obtained from 
OPSCC patients treated at the University Hospital Leipzig between 
2007 and 2011. Samples were collected upon patient’s consent as 
approved by the local institutional review board (Medical Faculty of 
University Leipzig ethic votes 201-10-12072010 and 202-10-1207210). 
Clinical data were provided by the Department of Otolaryngology, 
Head and Neck Surgery, at the University Hospital Leipzig (Supple-
mental Tables 1 and 27).

DNA from tumors of an additional validation cohort, cohort 4 (Sup-
plemental Tables 1 and 28), from The University of Chicago Medicine 
were also included in the present study. Frozen OCT tumor samples were 
obtained from the University of Chicago Head and Neck Cancer tissue 

Figure 6
The 5-gene (ALDH1A2, OSR2, GATA4, GRIA4, and IRX4) methylation signature score is associated with the clinical outcome of OPSCC patients 
in validation cohorts 3 and 4. (A and B) Kaplan-Meier plots for OS (A) and PFS (B) with regard to the methylation signature score based on the 5 
promoter DMRs for cohort 3 (Leipzig). (C and D) Kaplan-Meier plots for OS (C) and PFS (D) with regard to the methylation signature score based 
on the 5 promoter DMRs for cohort 4 (Chicago). P values were derived by log-rank/Mantel-Cox test.
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Genomic DNA was prepared from the organic phase according to the stan-
dard TRIzol protocol. After ethanol precipitation, DNA was resolved in 
water and used without further cleanup. Quantity and quality of DNA and 
RNA were determined using the NanoDrop 2000 spectrophotometer.

Cohort 4. H&E slides were prepared by cutting and staining a section 
from each OCT frozen block and reviewed for their tumor content by an 
expert HNC pathologist. Samples or fractions of samples with a tumor 
content of at least 60% were extracted. Tissue was cut from the OCT blocks, 
pulverized using CryoPrep (Covaris), and homogenized in lysis buffer from 
an AllPrepRNA/DNA/Protein Mini kit (Qiagen) using an Ultrasonicator 
(Covaris). DNA, RNA, and protein were isolated from each sample fol-
lowing the manufacturer’s protocol. Quantity and quality of the purified 
genomic DNA were determined with Quant-iT Picogreen (Invitrogen) and 
NanoDrop 2000c spectrophotometer, respectively.

HPV status analysis and definition
The HPV DNA status and viral transcript pattern were determined as pre-
viously described by multiplex HPV genotyping and viral RNA pattern 
analysis on fresh-frozen OPSCC specimens (12). Tumors from cohort 1/2 

bank (IRB approved protocol UCCCC#8980). Specimens were obtained 
prior to treatment with concurrent chemoradiotherapy.

DNA and RNA isolation
Cohort 1/2. 2–10 mg of 16-μm tissue cryosections were homogenized in 
liquid nitrogen and stored at –80°C. H&E staining of adjacent sections 
indicated a tumor cell content of at least 70%. Genomic DNA was isolated 
by the QIAamp DNA Mini Kit (Qiagen). Total RNA was isolated using the 
RNeasy mini kit including the on-column DNase I digestion according to 
the manufacturer’s instructions (Qiagen). Quantity and quality of DNA 
and RNA were determined using the NanoDrop 2000 spectro photo meter 
(Thermo Scientific).

Cohort 3. Samples of the Leipzig cohort were put into TRIzol (Invitrogen) 
and stored at –80°C. The frozen samples in TRIzol were homogenized for 80 
seconds at 160 g using the Minilys benchtop homogenizer (Peqlab Biotech-
nologie) followed by isolation of RNA and DNA according the Chomczynski 
protocol (82). The aqueous phase was used for RNA preparation by use of 
the Ambion Pure Link RNA Mini Kit (Invitrogen) including the on-column 
DNase I digestion (Qiagen) according to the manufacturer’s instructions. 

Figure 7
Correlation of ALDH1A2 protein expression and clinical outcome of OPSCC patients. (A) Representative images at different power of ALDH1A2 
expression on tissue microarrays of normal mucosa and exemplary tumors with low and high protein levels (brown signal). Counterstaining with 
hematoxylin. Scale bars: 100 μm. (B) Lower ALDH1A2 expression score in non–HPV-driven (n = 89) versus HPV-driven (n = 26) tumors. Bars 
denote medians. *P < 0.05, 2-tailed Mann-Whitney U test. Kaplan-Meier plots for OS (C) and PFS (D) with regard to ALDH1A2 protein levels in 
n = 115 OPSCC patients. P values were derived by log-rank/Mantel-Cox test.
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network with intermediate predicted functional partners (score, >0.997). 
Also included were 2 genes, HOXA6 and HOXA13, that were presented as 
disconnected nodes in the network. To visualize genomic location of DMRs 
and CpG island array probes (Figure 1A), custom tracks were generated and 
loaded into the Integrated Genomics Viewer (IGV version 2.1.; ref. 89).

Quantitative DNA methylation analysis
Percent DNA methylation was determined by matrix-assisted laser desorp-
tion/ionization time-of-flight mass spectrometry (MassARRAY; Sequenom) 
as previously described (90). Amplicons were designed according to positive 
regions derived from microarray results (Supplemental Table 24). Methyl-
ation standards (0%, 20% 40%, 60%, 80%, and 100% methylated genomic 
DNA) were used to control for the full dynamic range of measurements. 
Heatmaps were generated to visualize methylation levels for each CpG unit 
or averages of amplicons using R Bioconductor scripts library (gplots).

For methylation score calculation, the mean value of all CpG units per 
amplicon was used. Samples were divided into 2 groups (high and low 
methylation), based on the median of the methylation values of the cohort 
(above and below median). At gene level, a favorable prognostic methyla-
tion pattern (ALDH1A2lo, OSR2lo, GATA4hi, GRIA4hi, and IRX4hi) scored 1 per 
gene, whereas an unfavorable prognostic methylation pattern (ALDH1A2hi, 
OSR2hi, GATA4lo, GRIA4lo, and IRX4lo) scored 0 per gene. The total of all 5 
scores for the 5 genes per patient was calculated (score values, 0–5), and 
2 groups were used for survival functions: (a) methylation score 0–2 (0–2 
genes with favorable prognostic pattern) and (b) methylation score 3–5 
(3–5 genes with favorable prognostic pattern). Methylation cutoff values 
from training cohort 1/2 (above/below median) were used for defining the 
methylation signature score in validation cohorts 3 and 4.

cDNA preparation and qRT-PCR
First-strand cDNA was synthesized from 2 μg total RNA using the Super-
script II First strand synthesis system (Invitrogen) according to the manu-
facturer’s protocol. The cDNA was diluted 1:5 for use in qRT-PCR. The 
qRT-PCR reaction consisted of 2 μl template cDNA, 0.5 μl primer mix 
(10 μM), 0.05 μl Taqman probe (RealTime ready Universal ProbeLibrary; 
Roche Applied Science), and 2.5 μl Master Mix (Roche Applied Science) in 
a total volume of 5 μl. See Supplemental Table 24 for primers, amplicon 
sequences, and probe IDs. qRT-PCR reaction was performed in a Light-
cycler 480 (Roche Applied Science) with the following protocol: denatur-
ation at 95°C for 10 minutes; followed by 45 cycles of 95°C for 10 sec-
onds, 55°C for 20 seconds, and 72°C for 1 minute; and cooling at 40°C 
for 10 seconds. 3 housekeeping genes were included in the analysis (ACTB, 
GAPDH, and HPRT). Results for Ct values were obtained with LightCycler 
480 software (version 1.5.0; Roche Applied Science) and Abs Quant/2nd 
Derivative Max analysis. 2ΔΔCt values were calculated with the mean of the 
Ct of the 3 housekeeping genes as reference and the Ct of healthy mucosa 
sample as calibrator.

Tissue microarrays and immunohistochemical staining
2 tissue microarrays containing multiple spots from 115 primary OPSCC 
patients (Supplemental Table 28) were generated as previously described 
(91). Tissue microarrays included 61 of 100 patients from cohort 1/2 
(Heidelberg) (Supplemental Table 29). Briefly, H&E-stained sections were 
cut from each donor block to define representative tumor regions. Small 
tissue cylinders with a diameter of 0.6 mm were taken from selected areas 
of each donor block using a tissue chip microarrayer (Beecher Instruments) 
and transferred to a recipient paraffin block. This block was cut in 2-μm 
paraffin sections using standard techniques. Immunohistochemistry 
was performed with the anti-human ALDH1A2 antibody (HPA010022, 
Sigma-Aldrich). Tissue microarrays were scanned using the Nanozoomer 

(Heidelberg) and cohort 3 (Leipzig) were classified based on HPV DNA 
and RNA pattern analysis (12) into DNA–RNA– (group A), DNA+RNA– 
(group B), and DNA+RNA+ (group C). Groups A and B are referred to 
herein as non–HPV-driven, and group C is referred to as HPV-driven. DNA 
viral load and RNA patterns for HPV16 were as follows: RNA pattern 1, 
high E6I/E1^E4; RNA pattern 2, high E1C/L1. RNA positivity was defined 
by the combination of the 2 RNA patterns (Supplemental Table 25). In 
cohort 2, 2 cases were positive for HPV33 and HPV35. We considered 
the HPV16 DNA+ pattern as HPV DNA+, and RNA patterns concerning 
HPV16 were as previously described (12). For cohort 4 (Chicago), DNA 
HPV status was assessed performing an HPV E6 nested multiplex PCR 
using AmpliTaq Gold (Applied Biosystems) and subsequent methodology 
as described previously (83). SCC2 (HPV16) and HeLa (HPV18) cell lines 
were used as positive controls, whereas SCC151 and water were used as 
negative and no-template controls, respectively. PCR products were ana-
lyzed on a 2% agarose gel.

MCIp and CpG island microarray analysis
2.5 μg genomic DNA were sonicated with the Bioruptor NextGen 
(Diagenode) to fragments of 200–800 bp controlled by agarose gel elec-
trophoresis. Highly methylated DNA was enriched by MCIp (84, 85) using 
the SX-8G IP-Star robot (Diagenode) and 60 μg methyl-CpG–binding 
domain–Fc protein coupled to 40 μl protein A–coated magnetic beads 
(Diagenode). DNA eluates with increasing salt concentrations (fraction A, 
300 mM; fraction B, 400 mM; fraction C, 500 mM; fraction D, 550 mM; 
fraction E, 1,000 mM), and methylation degree were desalted with Min-
Elute columns (Qiagen) and controlled for enrichment of methylated DNA 
by real-time PCR analyzing the imprinted gene SNRPN. The nonmethyl-
ated SNRPN allele was eluted at low-salt concentration, and the methylated 
allele was eluted at high-salt concentration.

Highly methylated DNA from fraction E was labeled with Alexa 5 (tumor) 
or Alexa 3 (healthy control), and labeled tumor and control samples were 
cohybridized to a human CpG island tiling array (244K; Agilent Technolo-
gies) that carries 237,220 oligonucleotide probes (45–60 bp length) repre-
senting 27,800 CpG islands. Probes were annotated according to Agilent 
(NCBI Build 36.1; March 2006). Microarrays were scanned with a DNA 
microarray scanner (Agilent), and scanning TIF files were analyzed using 
Feature Extraction Software 10.5 (Agilent) with the ChIP protocol set-
ting. Raw data were analyzed using R statistical package (version 2.13.1) as 
described previously, with background correction and log2 ratio transfor-
mation according to the NormExp method with offset of 50 (86, 87). Varia-
tion between cohybridized samples was reduced by intensity-based LOESS 
normalization on rank-invariant probes and negative controls (M values, 
calculated as log2[Alexa 5/Alexa 3]). For between-array normalization, log 
intensity ratios (M values) and log intensity averages (A values) were scaled 
to have the same median absolute value across all arrays. SAM test was done 
with scaled M values all ranging between –5 and +5 (88). This normalization 
was done using the R statistical environment (version 2.14; package samr).

Candidate gene selection
To narrow down the list of DMRs displaying tumor type–specific hyper-
methylation, we chose the following stepwise criteria: (a) a “region” con-
sisted of a coherent sequence with more than 1 probe, and in which 2 vici-
nal probes were separated by at least 500 bp; (b) per tumor sample (array), 
only the top 5% hypermethylated probes were considered; (c) a DMR of a 
tumor sample was represented by at least 2 vicinal top 5% probes, allowing 
a gap of a single non–top 5% probe; (d) a DMR was positive in at least 3 
of 5 samples from the same tumor type. Furthermore, we applied network 
analysis (STRING; ref. 23) and mainly selected genes included in networks 
either in the original confidence view or with 1-step enhancement of the 
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Multivariate Cox regression was performed to assess independent effect of 
methylation signature score groups using R software (version 2.15).

Study approval
The studies presented herein received approval from the ethics committee 
of the Medical Faculty of Heidelberg University (ethic vote 206/2005), the 
ethics committee of the Medical Faculty of the University Leipzig (ethic 
votes 201-10-12072010 and 202-10-1207210), and the IRB of University 
of Chicago (approved protocol no. UCCCC#8980). Samples were collected 
upon patient consent, as approved by the ethics committee of the Medical 
Faculty of the University Leipzig.

Data access
The global methylation data from the present study were submitted to 
NCBI GEO (accession no. GSE41152; http://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE41152).
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HT Scan System (Hamamatsu Photonics). 3 experienced observers ana-
lyzed scanned slides by using the NDP Viewer software (version 1.1.27). 
Semiquantitative analysis was performed according to the number of 
stained tumor cells (score A; 1, no positive cells; 2, less than 33% positive 
cells; 3, between 34% and 66% positive cells; 4, more than 66% positive cells), 
and according to the staining intensity (score B; 1, no staining; 2, weak 
staining; 3, moderate staining; 4, high staining) (Supplemental Table 25). 
The multiple score for number of stained tumor cells (score A) and staining 
intensity (score B) was used for defined subgroups (final expression scores 
ranged 1–16). For p16 expression, immunohistochemistry was performed 
as previously described (12). p16 status was available for 91 of 100 patients 
from cohort 1/2 (Heidelberg) (Supplemental Tables 25 and 26).

Statistical analyses and survival functions
To investigate global methylation patterns, we noted for each differential-
ly methylated CpG island microarray probe (DMP) the number of samples 
in which the probe was among the top 5% probes. This distribution was 
then compared with the expected null distribution if randomly selected 
probes were used instead of those identified in the top 5%. The expected 
distribution was a binomial distribution with parameters sample number 
n = 15 and P = 0.05 (fraction of top 5% probes). For PCA, R Bioconductor 
software (prcom and pcaMethods packages) was used. Hierarchical cluster 
analysis was performed with R (pvclust and gplots packages) and used 
Euclidian distance (average linkage). The analysis was run repeatedly by 
decreasing the number of differently methylated probes from 100% to 10% 
to validate cluster stability.

Statistical analysis of methylation data was performed for grouped 
data by Mann-Whitney U test, and 2-tailed P values were calculated in 
Graphpad Prism (version 5.0c; GraphPad Software). Spearman’s Rho test 
(Spearman’s rank correlation coefficient) was used for coefficiency check 
of methylation status (mean of all CpG units) versus relative expression 
data (2ΔΔCt values), and Spearman’s Rho test and estimation of Spearman’s 
rank correlation coefficient (r value) as well as Rho 2-tailed P value were 
calculated in Graphpad Prism (version 5.0c; GraphPad Software).

OS was measured from registration date until date of OPSCC-related 
death, censoring patients alive at last follow-up and non–OPSCC-related 
deaths. PFS was measured from registration date until date of progression 
or death, censoring patients without a documented progression at last fol-
low-up. Local recurrence, lymph node or distant metastasis, second primary 
carcinoma, or date of OPSCC-related death within the follow-up period were 
considered progression events. Estimation of OS and PFS distributions was 
performed by the Kaplan-Meier method (SPSS version 20, Stata version 12). 
Differences between groups were determined by log-rank/Mantel-Cox test. 
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