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Abstract
Although several oropharyngeal cancer (OPC) susceptibility loci have been identi�ed, most previous
studies lacked detailed information on human papillomavirus (HPV) status. We conducted a genome-
wide analysis by HPV16 serology status in 4,002 oral cancer cases (OPC and oral cavity cancer(OCC))
and 5,256 controls. Four novel susceptibility loci were detected pointing to a distinct genetic
predisposition by HPV status. Our most notable �nding in the HLA region, that is now con�rmed to be
speci�c of HPV(+)OPC risk, revealed two independent loci with strong protective effects, one re�ning the
previously reported HLA class II haplotype association. Antibody levels against HPV16 viral proteins
strongly implicate the protective HLA variants as major determinants of humoral response against L1
capsid protein or E6 oncoprotein suggesting a natural immune response against HPV(+)OPC promoted
by HLA variants. This indicates that therapeutic vaccines that target E6 and attenuate viral response after
established HPV infections might protect against HPV(+)OPC.

Introduction
Oropharyngeal cancers (OPC) are a heterogeneous group of tumors with some caused by smoking and
excessive alcohol consumption and others by human papillomavirus (HPV) infections. The majority of
HPV positive OPC are caused by HPV type 16 (HPV16), with HPV surpassing tobacco exposure as the
leading cause of OPC in many countries1,2. HPV16-positive (HPV(+)) OPC are now considered a separate
disease entity, with different treatment regimen, and different biological, epidemiological, clinical and
prognostic characteristics from HPV16-negative (HPV(-)) OPC1,3−6.

Germline genetic variants are likely to play different roles in susceptibility to HPV(+) and HPV(-) OPC and
identi�cation of speci�c variants may help in the development of effective prevention, screening and
treatment strategies. Genome-wide association studies (GWAS) have identi�ed several susceptibility loci
for OPC, but have generally been limited by lack of information on HPV status7–9. Recently, the effect of
the human leukocyte antigen (HLA) region (6p21.3), speci�cally the HLA haplotype DRB1*1301-
DQA1*0103-DQB1*0603, was found to be protective for OPC9. The same haplotype was previously
reported to be protective for cervical cancer10, and this further highlights the need for comprehensive
genetic analyses of OPC by HPV status.

To achieve this, correct identi�cation of HPV-driven oropharyngeal tumors is critical. HPV serology is an
ideal solution in situations where tumor tissue for direct assessment is not available. It captures humoral
immune response levels via measurement of antibodies against viral proteins. Antibodies against HPV L1
are considered to represent cumulative past and present HPV infection from multiple possible anatomic
sites (i.e., genital, anal, or oral), and are relatively common in individuals without an HPV-related
tumor2,6,11−13. Antibodies against HPV E6 and E7 oncoproteins occur in response to an underlying HPV-
driven neoplastic process and are therefore expected to be at high levels among those with an HPV-driven
tumor and low levels among cancer-free individuals. Large population-based cohort studies have
demonstrated the potential of serology measures against HPV16 early viral proteins to detect individuals
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with HPV16-driven OPC with a high sensitivity and speci�city14,15. In particular, HPV16 E6 antibodies
have been shown to occur in more than 90% of those with HPV16(+) OPC while seroprevalence among
population controls is a rare condition (< 1%)2,14,16. Consequently, antibodies against speci�c E proteins
are useful in determining tumor HPV status2,6,16. In addition, they may also provide information on what
humoral responses are activated in response to infection and malignant progression.

We conducted a GWAS in OPC strati�ed by HPV status based on HPV16 serology to examine genetic
architecture, predisposition, and potential functional consequences of the associated loci to develop
novel insights into OPC etiology.

Results
Following stringent quality-control steps on genotyping data9, 1,643 OPC cases and 5,256 cancer-free
controls remained for analyses (Table 1, Supplementary Tables 1-3). The OC case series comprised 2,359
cases and was used to complement HPV(-)OPC analyses given their common risk factors
(Supplementary Table 4).

Based on the serology data, 65.6% of the OPC cases (1,078 of 1,643) were classi�ed as HPV(+). Among
the controls with serology data available (1,543), 16 (1%) were classi�ed as seropositive for HPV16; thus,
the population speci�city was 99.0% (95%CI: 98.3 to 99.4%). Median MFI values of HPV16 serology
markers (E1, E2, E7), were markedly higher in cases compared to controls (Supplementary Table 5).

GWA analyses strati�ed by HPV16 status (1,078 HPV(+) and 565 HPV(-) OPC cases, and 5,256 controls)
within each continent and meta-analyzed yielded 7,574,753 SNPS for risk association analyses. GWAs
results of the two traits are presented in Figure 1. There was no evidence of genomic in�ation for any of
the analyses after scaling it to 1,000 cases and controls9 (Supplementary Figure 1). All �ndings with a P-
value less than 1×10−6 are reported in Supplementary Tables 12-14. 

The HLA region is signi�cantly associated with HPV(+)OPC risk

A strong signal (P=4.5 x 10-11) mapped to 6p21.32 was identi�ed for HPV(+)OPC cases (Figure 1; Table
2). This area of the genome encodes the HLA region, which regulates the immune response. In addition,
two suggestive associations at locus 3q26.1 and 4q35.1 were detected just below the GWAS signi�cance
level (P < 1x10–7, Supplementary Table 6).

Strati�ed analyses, by study characteristics are summarized in Supplementary Figure 2. No evidence of
differences in effect size between characteristic strata were observed.

Of note, in this larger study population with HPV status information, we also replicated the previously
observed association of three HLA speci�c alleles (DRB1*1301, DQA1*0103 and DQB1*0603) and their
haplotype with decreased HPV(+)OPC risk (Table 2 and Supplementary Figure 2)9.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5510465/#SD1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5510465/table/T2/
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Fine-mapping of the HLA region reveals two independent loci associated with risk of HPV(+)OPC

Loci Analysis

The HLA region is highly polymorphic with extensive linkage disequilibrium (LD) and assessing the
causality of identi�ed associations is di�cult. To �ne-map the region, we therefore imputed sequence
variation in classical HLA genes. The �nal set of imputed variants used in association analyses were of
high quality; 92.5% of the variants had R2≥0.9, and 68.2% of the less common variants (MAF<0.05) had
R2≥0.9.

Associations with risk of HPV(+)OPC extended into the class I and II regions (Figure 2a). The most
signi�cant variant was the A allele of rs4713462, an HLA class I intergenic variant that maps 5.6kb 5' of
AL671883.1. This variant had not been identi�ed in the previous GWAs analysis9 in which HPV status
data was available for only a limited number of cases. (OR =0.66, P=4.5 x 10−11; Figure 2a; Table 2).
Functional annotation revealed that rs4713462 is predicted to be an eQTL for HLA-C across different
tissues including upper digestive tract tissues. Given the extended LD in the MHC region and the
considerable number of variants below genome-wide level signi�cance showing similar associations with
HLA-C mRNA levels (Supplementary Table 7), we explored HLA-C expression genetic control across the
MHC region. There did not appear to be a consistent association between the rs4713462 A allele
and HLA-C gene expression in oral related tissues (Supplementary Figure 3). This may suggest that HLA-
C expression alone is unlikely to be mediating this association.

After conditioning on rs4713462, evidence remained of another protective association for the HLA class II
region (P < 5 × 10-8). This mapped to an A allele of rs9269942, a multiple nucleotide variation that results
in an amino acid change to glutamine in codon 71 (71-Glu) of HLA-DRB1 protein (OR =0.56, P=2.8 x 10−9;
Figure 2b, Table 2) and translates to a location in the peptide binding groove of HLA-DRB1*1301 and in
three other HLA-DRB1 alleles (0402, 1302 and 1102) for which a protective trend was also identi�ed
(Supplementary Figure 4; Supplementary Table 8). This result further reinforces the possible functional
role of this variant and re�nes the association of the HLA haplotype DRB1*1301-DQA1*0103-DQB1*0603
identi�ed in our previous GWAs analysis for OPC9 and with decreased cervical cancer risk10.

When both rs4713462 and HLA-DRB1 71-Glu were conditioned on, no remaining signals were detected
(Figure 2c).

Haplotype Analysis

In addition to identifying loci associated with HPV-positive OPC risk, haplotype analysis was used to
de�ne the boundaries of associated variants within the HLA region given its complexity and extended LD.
The only haplotype found associated with OPC risk was the HLA class II haplotype, DRB1*1301-
DQA1*0103-DQB1*0603 (Table 2; Supplementary Figure 2a). No other haplotype showed a signi�cant
association when considering Class I or both Class I and Class II blocks. Conditional analyses

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5510465/#SD1
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considering DRB1*1301-DQA1*0103-DQB1*0603 and rs4713462 in the same model, also revealed the
independence of both effects (Table 3).

We subsequently assessed whether the independent variants identi�ed to be protective of OPC were
indicative of a protective effect from a haplotype, from speci�c amino acids within haplotypes, or from
the variants themselves which could be functionally mapped to other variants unrelated to HLA. To re�ne
the associations within the MHC region, model selection was used to identify the combination of variant,
amino acid and/or haplotype that best explained the data using BIC (Bayesian Information Criterion) as
model selection criterion. Table 3 displays the combined models with the best �t to the data from this
search. Model A was considered the best �tting model. This implies that the amino acid 71-Glu in HLA-
DRB1*1301 explains the association of the class II haplotype DRB1*1301-DQA1*0103-DQB1*0603 with
risk of HPV(+)OPC (Table2; Table 3; Supplementary Figure 2a).

Association of each HLA variant with antibodies against viral proteins suggests differential HLA response
to viral proteins

We conducted a protein quantitative trait loci (pQTL) analysis of 8291 MHC imputed variants using
HPV16 E6 or L1 antibody levels in all OPC patients to explore associations between these variants and
antibody levels. Rs4713462 and 71-Glu were the variants most strongly associated with E6 and L1
antibody levels, respectively (Figure 3, Supplementary Figure 9). Speci�cally, results showed that the
rs4713462 allele (A) was exclusively and strongly associated (B= -0.31, P= 1.3 x 10-8) with lower E6
antibody levels and not with L1 MFI levels (B= -0.07, P= 0.05); 71-Glu, which is located in the peptide
binding groove of HLA-DRB1*1301, showed a robust association (B= -0.30, P= 7.0 x 10-8) with lower L1
MFI levels but no correlation with E6 MFI levels (B= -0.12, P= 0.11). This suggests that their association
with HPV(+)OPC could potentially be mediated via in�uencing humoral immune response during viral
tumorigenesis and corroborates the independence of these variants in their associations with lower risk
of HPV(+)OPC.

We repeated the analyses for the top associated variants in the subset of OPC cases classi�ed as HPV(+)
expecting to �nd a similar association to the one using all OPC cases. Analyses restricting to HPV16 E6+
cases (>1000 MFI) captured again the association with rs4713462 (B=-0.1; P=0.01). The association was
less signi�cant as expected given the smaller numbers and reduced range of data (Supplementary Figure
11).  We did not see association with the 71-Glu variant and L1 levels when restricting to the HPV16 L1+
cases (B=-0.04; P=0.22).  This could again be explained by the more limited data range when one restricts
to L1+ cases (Supplementary Figure 11).

Combined seropositivity to HPV16 E6 and L1 was relatively common among OPC cases (in 42%, 685 of
1643 OPC). We therefore investigated the possible in�uence of E6 or L1 antibody levels on their
association with the respective genetic variant by adjusting for the alternative serology marker. As shown
in Supplementary Table 11, results are extremely similar to the original results in Figure 3, indicating that
adjustment by the other serology marker makes little difference.
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Due to the functional connection and correlation of other E proteins (E1, E2, E7) with HPV16 E6, we
explored the relationship between the top associated HLA variants and antibodies against these proteins
as a sensitivity analysis. We also explored association with other well-known but less common high-risk
HPV types (E6 and E7 of HPV18/31/33/35/45/52/58) to assess the question of whether the identi�ed
HLA variants are E6 speci�c associated variants independent of HPV type. Our results suggest that the
rs4713462 association might be speci�c to HPV16 E6 antibodies given that the strongest association
was still the one detected with HPV16 E6 (Supplementary Figure 6). Seropositivity for other HPV high-risk
types represents a very limited fraction among HPV(+) or HPV(-)OPC reducing the chances for non-HPV16
markers to explain HLA genetic �ndings (Supplementary Table 9-10).

HPV(-)OPC GWAS

In the GWA analyses within HPV(-)OPC cases and controls, a novel risk variant at 12p23.3 (rs35189640,
OR =2.73, p=1.1 x 10−9; Figure 1b; Table 2) was found signi�cantly associated with risk of HPV(-)OPC.
Genomic annotation revealed that rs35189640 is an intronic variant in the BTB domain-containing 11
(BTBD11), a DNA-binding protein such as zinc-�nger transcription factors. Interestingly, rs35189640 also
maps into a repressed Polycomb-group protein (PcG) binding site speci�c to epithelial tissue based on
chromatin states evaluated in more than 30 tissues (Supplementary Figure 5). No evidence for
heterogeneity was detected by geographic region or study characteristics displayed in Table 1
(Supplementary Figure 2d). Other suggestive susceptibility variants were found at �ve additional loci at
3p26.2, 1p36.13, 13q33.3, 5q34 and 6p21.32 that fell just under the GWA signi�cance level (P < 1x10–

7, Supplementary Table 6).

Pooled GWAs of OCC and HPV(-)OPC cases

To improve power and test the reproducibility of our �ndings, we pooled 2,359 OCC cases with the 565
HPV(-)OPC cases and repeated the analyses. This was done under the assumption that OCC is a
predominately HPV(-) disease and has risk factors in common with HPV(-)OPC, i.e. tobacco and alcohol
usage.

Manhattan plots for the pooled dataset are displayed in Supplementary Figure 7. In addition to previously
reported variants9 for both cancer sites, we identi�ed two susceptibility loci at 6p21.32 (rs3828805,
OR=0.77, p=2.5 x 10-9) and 15q21.2 (rs10851478, OR=1.22, p=1.3 x 10-8) common to both cancer entities.
The rs3828805 is in LD with HLA-DRB1 71-Glu variant (r2=0.48) that we found to be associated with
HPV16 L1 antibody levels in HPV(+) OPC. As expected, rs4713462, which was found exclusively
associated with antibodies against the HPV16 E6 viral oncoprotein and is independent from rs3828805
(r2= 0.0004), was not associated with risk of OC/OPC(-) (Table 4). Regarding rs10851478, this variant is a
cis-eQTL for the FGF7 gene (Supplementary Figure 8) which is a potent epithelial cell-speci�c growth
factor with an important role in morphogenesis of epithelium.

Assessment of the consistency of effects across studies
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Overall, heterogeneity tests showed that HPV(-)OPC and OC share their top disease-related genetic
associations while those for HPV(+) and HPV(-)OPC were different  revealing a different genetic
predisposition and probably genetic architecture (Supplementary Figure 10). In brief, signi�cant
heterogeneity (p< 0.05) was identi�ed in the meta-analysis of HPV(+) and HPV(-)OPC for rs4713462 at
HLA region and for rs35189640 at BTBD11 locus suggesting an exclusive association with HPV(+) and
HPV(-)OPC, respectively (Supplementary Figure 10b). FGF7 and LHPP association showed common and
consistent effects to the HPV(-)OPC and OCC analyses (Supplementary Figure 10a) as well as ADH1B
that was previously identi�ed as associated with overall OPC and OCC9. BTBD11 showed a stronger
effect for HPV(-)OPC (Supplementary Figure 10).

Discussion
Overall, our study identi�ed OPC genetic heterogeneity by HPV16 status and expands existing knowledge
of the genetics of oral cancers identifying several genetic loci.

Two loci in the HLA region showed the strongest protective effects against HPV(+)OPC risk: rs4713462
and an amino acid polymorphism in HLA-DRB1 71-Glu. The latter re�nes the previously reported HLA
class II haplotype association recently replicated in an independent series9,17. Using HPV serology data,
rs4713462 was exclusively associated with antibody levels against HPV16 E6, the viral oncoprotein, while
HLA-DRB1 71-Glu was only associated with antibody levels against HPV16 L1, the viral capsid protein.

In our current understanding, HPV seropositivity is the result of a humoral immune response to a viral
protein in those individuals trying to mount a T-cell response to eliminate affected cells18. T cell-mediated
immune responses are essential for the clearance of both HPV infection and HPV-driven tumor cells and
one may speculate that the associated HLA variants are promoting a targeted cell-mediated response to
viral proteins which confers the protective effect against an HPV-driven cancer. Indeed, the relatively lower
MFI levels of L1 or E6 in those individuals carrying the HLA-DRB1 71-Glu or the A allele of rs4713462
respectively, may be explained by more active “consumption” of antibodies when the T cell sees its
antigen re�ecting an active immune reaction19,20. Consequently, the HLA-DRB1 71-Glu variant may
implicate a more effective control of preventing an HPV16 infection that ultimately protects against HPV-
driven cancers. This would be mimicking the effect of prophylactic vaccines which are exploiting the role
of L1 capsid protein in initiating a tissue-speci�c infection and its antigenicity or maybe inducing a more
effective T-cell response against L1 and thus preventing oncogenic transformation. The A allele of
rs4713462 may be acting at a later stage through a targeted cell-mediated response to viral
carcinogenesis provided by HPV16-infected cells (over)expressing E6. Therefore, our results provide
evidence of natural immune response promoted by HLA germline variants against HPV-driven tumors at
different stages of the infectious process that leads to cancer. This suggests, in the case of the E6-related
variant, that a therapeutic vaccine targeting HPV16-E6, may attenuate viral impact after established HPV
infections21.
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The HPV(-)OPC analysis revealed one novel association at 12p23.3 in BTBD11 and showed shared
genetic links with OCC identifying two novel risk loci in addition to those that were already known:
6p21.32 and 15q21.2. Functional evidence at 12p23.3 was limited, even though we found that the
BTBD11 variant maps into a tissue-speci�c PcG protein binding site and nearby a transcription starting
site. This suggests a potential impairment of transcription regulation increasing risk for epithelial
malignancies22–24. At 15q21.2, rs10851478 showed a signi�cant risk effect to develop HPV(-) oral cavity
cancers and also tend to be a cis-eQTL for the FGF7 gene speci�c of �broblasts. FGF7 is a potent
epithelial cell-speci�c growth factor with an important role in morphogenesis of epithelium suggesting
this variant as one of the malignancy-contributing factors from tumor stroma25,26.

A limitation of the current study is the relatively modest sample size for some of the analyses. However,
the inclusion of a rich collection of data partially compensates this limitation. For HPV(+)OPC, convergent
evidence of association from distinct approaches (GWAs and pQTL) identify the same variants within
HLA as the best associated variants in relation with HPV infection. For HPV(-) cancer the statistical power
conferred by using a second dataset with potential genetic links has allowed us to support the discovery
of new genome-wide signi�cant SNPs.

To conclude, the results generated in this study are important for understanding the biology of oral and
oropharyngeal cancers. We provide extensive information on the likely consequences of relevant genetic
variants putting forward a rich set of plausible gene targets and biological mechanisms for functional
follow-up for both HPV(+)OPC and HPV(-)OPC and OCC cancers. In particular, our �ndings enhance the
role of HLA variants in the immune pathogenesis of HPV(+)OPC, and may also have implications for
cancer immunotherapies such as HPV-targeted vaccines that are currently undergoing clinical evaluation.

Methods
Subjects, specimens and genotypes

A total of 1643 OPC cases (included ICD codes: C01.9, C02.4, and C09.0–C10.9) and 5256 controls were
included in this study (Table 1). All study participants were of European ancestry and came from 10
epidemiological studies included in the so-called OncoArray study (Supplementary Table 1)9. Subjects
were genotyped using the Illumina OncoArray. Plasma samples utilized for HPV status determination
were obtained at time of diagnosis and prior to start of treatment for OPC cases, and at time of
enrollment for controls.

The Oncoarray study also includes oral cavity cancers (OCC; included ICD codes: C02.0–C02.9 (except
C02.4), C03.0–C03.9, C04.0–C04.9, C05.0–C06.9). In contrast to OPC, HPV is thought to play a very
limited role in OCC, with an estimated prevalence of 5% or less in most populations27,28. In this regard, OC
shares risk factors with HPV(-)OPC, namely tobacco and alcohol usage. We therefore hypothesized that
HPV(-)OPC and OCC may share genetic risk factors and, to expand the study population for HPV(-)
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tumors, pooled together the series of 2,359 OCC cases and 565 HPV(-)OPC and performed a GWA
analysis (Supplementary Table 4). 

Imputation and HLA �ne-mapping

For all subjects, individual level genome-wide single nucleotide polymorphism (SNP) data was available9.
Imputation was performed using the Michigan Imputation Server29 with the Haplotype Reference
Consortium panel30. SNPs with minor allele frequency (MAF) < 0.01 or R2 < 0.3 in any of the batches were
excluded before association analyses. Taking advantage of the high OncoArray SNP coverage in the HLA
region, we used the genotyping data from 25 to 35 Kb at chromosome 6 (NCBI build 37) to impute 8,961
HLA variants (including classical two and four digit HLA alleles and amino acid polymorphisms of the
HLA genes along with the SNPs across MHC region) that were not directly genotyped. For this, we utilized
the reference data collected by the Type 1 Diabetes Genetics Consortium (T1DGC)31,32 using the
SNP2HLA v1.0.3 package in Beagle software 33,34. We applied post-imputation QC criteria of R2 < 0.3 to
exclude variants from the association analysis. All the evaluated HLA variants were de�ned as binary
markers in the analyses as follows: (a) For biallelic SNPs, classical HLA alleles and binary amino acid
positions, the effect allele or variant was the minor allele, the presence of the HLA allele or the presence of
the less frequent amino acid, respectively; (b) For multi-allelic amino acid positions, composite markers
were de�ned where each possible individual allele and combination of alleles was tested for association.

Serological analyses and HPV status determination

Plasma samples were analyzed at the German Cancer Research Center (DKFZ; Heidelberg, Germany)
using multiplex serology by laboratory staff blinded to the case–control status and cancer site of the
subjects as described previously35. Samples were evaluated for antibodies against the HPV16
oncoproteins E6 and E7, other viral regulatory proteins (E1, E2), and the major capsid protein L1 as well
as for antibodies against proteins from other high-risk HPV types (HPV18/31/33/35/45/52/58)
(Supplementary Table 5). Median �uorescence intensity (MFI) values were dichotomized as antibody
positive or negative for HPV16 proteins using prede�ned cutoff values, that is 1000 MFI (E6), 548 MFI
(E7), 200 MFI (E1), 679 MFI (E2) and 422 MFI (L1)6,14. OPC cases were classi�ed as HPV(+) or HPV(-)
based on a previously validated HPV16 seropattern algorithm14 with HPV(+) de�ned as follows: HPV16
E6>1000 or 3 out of 4 E proteins greater than their cutoff value (HPV16 E1>200 MFI, HPV16 E2>679 MFI,
HPV16 E6>484 MFI, HPV16 E7>548 MFI). Subjects who did not ful�l the criteria for HPV(+) were
classi�ed as HPV(-).

GWAS, regional meta-analyses

Regional meta-analysis (Europe and North America) was performed to evaluate the relationship between
SNPs and OPC risk by HPV status and between SNPs and risk of OCC or HPV(-)OPC (pooled series of
OCC and HPV(-)OPC). In brief, GWAs for each world region were performed for genotype dosages, using
multivariable unconditional logistic regression assuming a log-additive genetic or dosage model with age,
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sex and eigenvectors as covariates. Next, association statistics were included in a �xed-effect meta-
analysis performed in PLINK36. The P-value for heterogeneity was calculated using Cochran’s Q test.
Conditional analyses within associated regions and meta-analysis of regional results were performed
using glm funtion in R software37 (v.3.6.3).

Assessment of the consistency of effects across studies

A test for heterogeneity (Cochran's Q) was used to evaluate the consistency of the effects of the top hits
across GWAs by combining in a meta-analysis HPV(+) and HPV(-)OPC results or HPV(-)OPC and OC after
dividing the control group into two equivalent random series.

Analysis within the MHC region

Phased genotypes obtained from the imputed data were used to generate population-based haplotypes
with the Haplo.stats R package (v.1.7.7).

Each haplotype, allele, variant and associated amino acid was individually tested for an association with
risk of OPC by HPV status within the statistical framework and covariates de�ned previously. Variables
that were independently associated with risk were assessed in multivariable risk models. Model selection
for the best overall HLA predictors associated with risk was conducted using the lowest Bayesian
Information Criteria (BIC)38,39.

Functional variant annotation

To identify potentially functional candidates a comprehensive bioinformatic assessment of the SNPs
with GWAS P value < 10-6 was performed. Using the HaploR R package, both HaploReg40 and
RegulomeDB41 were crosschecked to explore data re�ecting transcription factor binding, open chromatin
and the presence of putative enhancers. Further, the Genotype-Tissue Expression dataset (GTEx v8)42,
was interrogated to identify potential genes in�uenced by disease-associated SNPs. For this purpose,
GTEx v8 eQTL summary statistics, based on RNAseq analysis, were obtained for tissues best
representing oropharyngeal and oral cavity tissue in this platform (Esophagus mucosa of 497 individuals,
Esophagus muscularis of 465 individuals, not sun-exposed skin of 517 individuals and cell-cultured
�broblasts of 483 individuals). Functional annotation for variants reaching P < 5 x 10-8 is summarized in
Supplementary Table 7.

To evaluate potential overlap with published GWAS �ndings, results reported in the NHGRI catalog43 were
extracted on 2020-12-02 (containing 4795 publications and 222481 associations) and cross checked
against our results.

Protein quantitative trait loci (pQTL) of plasma antibodies levels against HPV proteins
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As mentioned, plasma antibody levels against HPV16 L1 are thought to represent cumulative past and
present HPV infection from multiple possible anatomic sites11,13,44–46 while E6 antibody levels are
accurate markers of malignant HPV-related disease14,16,47. Considering the connection between antibody-
mediated immune responses and HLA-mediated antigen recognition, we explored the impact of MHC
genetic variants on the humoral response to HPV proteins on the whole series of OPC cases. Linear
multivariate models were implemented to test associations of genetic variants across the MHC region
with HPV16 L1 or E6 log-transformed MFI levels, assuming a dosage model with age, sex and
eigenvectors as covariates in OPC cases.

Technical validation of imputed SNPs

Technical validation of imputed �ndings was performed in the recent GWAS study9. Additionally, the
HPV(-)OPC-associated low frequency variant at 12q23.3 (rs35189640) was successfully validated by
TaqMan assays (Thermo Fisher Scienti�c) in 1,810 individuals (concordance of 99.9%).
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Table 1: Background characteristics of the participating subjects after quality control
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  Oropharyngeal cancer cases no.
(%)

Control no.
(%)

p-value

Oncoarray individuals passed
QC

1643 5256

    
Geographic region   0.004

Europe 730 (44.4) 2927 (55.7)  
North America 913 (55.6) 2329 (44.3)  

    
Age   0.07

≤50 293 (17.84) 889 (16.91)  
51-60 687 (41.84) 1561 (29.7)  
61-70 486 (29.6) 1649 (31.37)  

>70 176 (10.72) 1157 (22.01)  
Unknown 1  0   

    
Sex   <0.001

Male 1332 (81.1) 3334 (63.4)  
Female 311 (18.9) 1922 (36.6)  

Unknown 0 0  
    
Smoking status   <0.001

Never 391 (25.9) 2019 (40.9)  
Former 640 (42.4) 1821 (36.9)  
Current 479 (31.3) 1096 (22.2)  

Unknown 133 320  
    
Drinking status    

Never 249 (16.8) 846 (17.8) 0.09
Ever 1233 (83.2) 3898 (82.2)  

Unknown 161 512  
    
HPV16 status    
        HPV16 seropattern   <0.001

positive 1078 (65.6) 16 (1.0)  
negative 565 (34.4) 1527 (90.0)  

Unknown 0 3713  
            HPV 16 E6 (cutoff:1000
MFI)

    <0.001

positive 1059 (64.5) 15 (1.0)  
negative 584 (35.5) 1528 (99.0)  

Unknown 0 3713  
        HPV 16 L1    <0.001

positive 767 (46.7) 64 (4.2)  
negative 875 (53.3) 1477 (95.8)  

Unknown 1 3715  

OPC cases definition: C01.9, C02.4, C05.1, C05.2, C09.0-C10.9. 
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 Table 2:  Top genome-wide significant regions and their most likely functional variants from
regional meta-analyses of oropharyngeal cancers by HPV16 seropattern status.

Independent
regions

Locus  Variant Infob EA/OAf Frequency
(%) Meta-analysisa

Controls /
Cases

OR
(95%CI)

P
value Q_p

                 
HPV(+)OPC
c     

 
     

HLA class I               

 Intergenic rs4713462   genotyped

A/G
32.6 /
21.3

0.66    
(0.59-
0.75)

4.5 x
10-11 0.19

 HLA-B 1501 0.97

P/A

5.9 / 3.0

0.44    
(0.33-
0.58)

1.13
x 10-

8 0.20

                      156 -Trp 0.98

P/A
6.1     /

3.2

0.45    
(0.34-
0.59)

1.05
x 10-

8 0.21
          
HLA class II               

Class II haplotype DRB1*1301-
DQA1*0103-
DQB1*0603  

P/A

6.7 / 2.6

0.42
(0.31-
0.56)

7.4 x
10-9 0.86

 
HLA-
DRB1 1301 0.99

P/A

6.7 / 2.8

0.43    
(0.32-
0.58)

1.44
x 10-

8 0.95

                      71 -Glue 0.94

P/A

14.5 / 7.9

0.56    
(0.47-
0.68)

2.8 x
10-9 0.30

 
HLA-
DQA1 0103 1

P/A

7.8 / 3.1

0.45    
(0.34-
0.59)

8.7 x
10-9 0.90

 
HLA-
DQB1 0603 0.98

P/A

7.3 / 3.1

0.45    
(0.34-
0.60)

3.1 x
10-8 0.35

          
                 
HPV(-)OPC d          

12q23.3 BTBD11 rs35189640 0.94

T/C
2.0     /

4.7

2.73
(1.97-
3.79)

1.1 x
10-9 1

 HLA, human leucocyte antigen; OR, odds ratio; 95%CI, confidence interval; Q_p, Cochran’s
heterogeneity p value
a Regional meta-analyses Europe and North America
b Imputation INFO (R2) is the average across imputation batches
c Number of subjects: 1078 HPV(+)OPC and 5256 controls
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d Number of subjects: 565 HPV(-)OPC negative and 5256 controls
e amino acid change due to rs9269942 C/A [Ala (GCG) --> Glu (GAG)] 
f Effect allele/ other allele; P stands for presence and A stands for absence for amino acid
polymorphisms and HLA alleles

 

Table 3: HLA alleles, SNP and amino acids contained in the best models obtained from
HPV(+)OPC analyses as judged by the BIC criterion. 

Model  Locus OR
(95%CI)a

P value BIC BIC
difb

A
rs4713462 + DRB1
(71-glu)    

 
4454 0

  rs4713462
0.67  (0.59-

0.76)
1.46 x
10-10   

   DRB1 (71-glu)c
0.55  (0.46-

0.67)
1.03 x
10-9

   

B
rs4713462 + Class II
Haplotype    4465 +11

  rs4713462
0.66  (0.58-

0.75)
5.52 x
10-11   

  
DRB1*1301-DQA1*0103-
DQB1*0603

0.45  (0.34-
0.61)

1.13 x
10-7

   

 
HLA-B*1501 + Class II
Haplotype    4489 +35

  HLA-B*1501
0.53  (0.40-

0.71)
1.77 x
10-05   

  
DRB1*1301-DQA1*0103-
DQB1*0603

0.43  (0.32-
0.58)

3.23 x
10-8

   

 
B (156) + Class II
Haplotype    4489 +35

  B (156)
0.54  (0.41-

0.71)
1.53 x
10-05   

  
DRB1*1301-DQA1*0103-
DQB1*0603

0.43  (0.32-
0.58)

3.05 x
10-8

   

 

BIC, Bayesian information criterion; HLA, human leucocyte antigen; OR, odds ratio; 95%CI,
confidence interval
a Obtained from multivariate logistic regression assuming an additive genetic model with sex
and principal components as covariates
b Models having their BIC difference within: +1–2 of the minimum have substantial support;  +
4–7 of the minimum have considerably less support; BIC >10 above the minimum fail to explain
some substantial structural variation in the data.                      
c Alleles where these amino acids are part of the sequence: 71(Glu) in DRB1*1301 and also in
 *0402, *1302 and *1102.
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Table 4: Top genome-wide significant regions and the highlighted ones in previous analysis
from regional meta-analyses of OCC and HPV(-)OPC pooled analysis.
 

Genomic
regions

Locus  SNP Infob EA/OAc Meta-analysisa

OR (95%CI) P value Q_p
               

6p21.32 HLA
region rs3828805 0.88 T/C

0.77 (0.71-
0.83) 2.5x10-9 0.71

rs4713462 genotyped A/G
1.02 (0.95-

1.10) 0.61 0.10
               

4q23
ADH1B

rs1229984 genotyped A/G
0.59 (0.49-

0.71) 4.1x10-8 0.11
               

10q26
LHPP

rs201982221 genotyped D/I
1.74 (1.43-

2.13) 4.8x10-8 0.28
               

12p23.3
BTBD11

rs35189640 0.94 T/C
1.79 (1.45-

2.21) 7.5x10-8 0.54
               

15q21.2
FGF7

rs12910284 0.99  G/A
1.22 (1.14-

1.30) 1.5x10-8 0.18
               

 

OR, odds ratio; 95%CI, confidence interval; Q_p, Cochran’s heterogeneity p value
a Regional meta-analyses Europe and North America with a total number of subjects: 2,923
patients and 5,256 controls
b Imputation INFO (R2) is the average score across imputation batches
c Effect allele/ other allele; “D” stands for deletion and “I” stands for insertion 
 

Figures
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Figure 1

Genome-wide association regional meta-analysis results. Red line correspond to P = 5 × 10−8. The y axes
show −log10 P values. (a) HPV(+)OPC cases analysis with 1,078 cases and 5,256 controls. (b)
HPV(-)OPC cases analysis with 565 cases and 5,256 controls.
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Figure 2

Plots of stepwise conditional association in the MHC region for HPV(+)OPC cases. (a-c) The association
for each locus used for conditioning is shown in each panel: (a) unconditioned, (b) conditioned on
rs4713462, (c) conditioned on rs4713462 and HLA-DRB1 amino acid change in position 71 (71-Glu).
Detailed association results in Table 2 and Supplementary Figure 2. Circles represent –log10 (P values)
for each binary marker using the imputed allelic dosage (between 0 and 2) and genotyped variants. The
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dashed black horizontal lines represent the study-wide signi�cant threshold of P=5 x 10-8. The physical
positions of HLA genes on chromosome 6 are shown at the bottom. The color of the circles indicates the
type of marker; light blue – SNPs outside and within HLA genes, green - classical HLA alleles and red -
amino acid polymorphisms of the HLA genes.

Figure 3

pQTL analysis of plasma antibody levels against HPV proteins of the top two associated HPV(+)OPC
HLA variants. Box plots showing (a) HPV16 E6 MFI levels and rs4713462 genotypes, and (b) HPV16 L1
MFI levels and DRB1 (71-Glu) variants in OPC cases. Effect sizes (B, regression coe�cient) were adjusted
for age, sex and eigenvectors. For HLA-DRB1 71-Glu, A stands for absence and P stands for presence.
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