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ABSTRACT
◥

Increasing rates of human papillomavirus (HPV)–driven oro-
pharyngeal cancer (OPC) have largely offset declines in tobacco-
associated head and neck squamous cell carcinoma (HNSCC) at
non-OPC sites. Host immunity is an important modulator of HPV
infection, persistence, and clearance, and also of immune evasion in
both virally- and nonvirally-driven cancers. However, the associ-
ation between collective known cancer-related immune gene var-
iants and HNSCC susceptibility has not been fully characterized.
Here, we conducted a genetic association study in the multiethnic
Veterans Affairs Million Veteran Program cohort, evaluating
16,050 variants in 1,576 immune genes in 4,012 HNSCC cases
(OPC ¼ 1,823; non-OPC ¼ 2,189) and 16,048 matched controls.
Significant polymorphisms were further examined in a non-
Hispanic white (NHW) validation cohort (OPC ¼ 1,206; non-
OPC¼ 955; controls¼ 4,507). For overall HNSCC susceptibility in
NHWs, we discovered and validated a novel 9q31.1 SMC2 associ-
ation and replicated the known 6p21.32 HLA-DQ-DR association.

Six loci/genes for overall HNSCC susceptibility were selectively
enriched in African-Americans (6p21.32 HLA-G, 9q21.33 GAS1,
11q12.2 CD6, 11q23.2 NCAM1/CD56, 17p13.1 CD68, 18q22.2
SOCS6); all 6 genes function in antigen-presenting regulation and
T-cell activation. Two additional loci (10q26 DMBT1, 15q22.2
TPM1) were uncovered for non-OPC susceptibility, and three loci
(11q24 CRTAM, 16q21 CDH5, 18q12.1 CDH2) were identified for
HPV-positiveOPC susceptibility. This study underscores the role of
immune gene variants in modulating susceptibility for both HPV-
driven and non-HPV-driven HNSCC. Additional large studies,
particularly in racially diverse populations, are needed to further
validate the associations and to help elucidate other potential
immune factors and mechanisms that may underlie HNSCC risk.

Significance: Several inherited variations in immune systemgenes
are significantly associated with susceptibility to head and neck
cancer, which could help improve personalized cancer risk estimates.

Introduction
Head and neck squamous cell carcinoma (HNSCC), which includes

cancers of the oral cavity, pharynx, and larynx, is the seventh most
common type of cancer globally (1). HNSCCs are primarily diagnosed
in men in their 60s and 70s and are commonly subdivided into human
papillomavirus (HPV)-driven oropharyngeal cancers (OPC) or non-
HPV-related cancers typically related to tobacco and/or alcohol use.
These carcinogen-mediated cancers can also arise in the oropharynx
butaremorecommonatnon-oropharyngeal sites (non-OPC; refs. 2, 3).
The incidence of OPC has increased at a near exponential rate over the
last few decades. Largely driven by epidemic increases in oral HPV
infection in the general population, most OPCs (up to 80%) are HPV-
positive, with OPC now overtaking cervical cancer as the leading cause
ofHPV-related cancer in theUnited States. In contrast, the rate of non-
OPC HNSCC has steadily decreased, mirroring declining smoking
rates in the U.S. population.

In addition to oncogenic risk factors (e.g., HPV infection, tobacco
use, and alcohol consumption), a substantial heritable genetic com-
ponent to HNSCC susceptibility is supported by large family studies
demonstrating a 3- to 10-fold increased risk in first-degree relatives of
patients with HNSCC (4, 5). The incidence of HPV-driven cancers
(cervical, anogenital, and HNSCC) is dramatically higher in immu-
nosuppressed individuals and people living with human immunode-
ficiency virus (HIV; refs. 6, 7). Prior candidate gene association studies
have found polymorphisms in immune-mediator genes associated
with susceptibility to persistent HPV infection and HPV-driven
cancers. Several genome-wide association studies (GWAS; refs. 8–12)
have identified over 14 HNSCC predisposing loci; all consistently
identified the human leukocyte antigen (HLA) locus, highlighting the
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importance of immunologic mechanisms in the etiology of HNSCC.
However, most previous studies lacked detailed information on HPV
status among OPC, and none were powered to evaluate the collective
impact of immune gene variants on HNSCC risk.

We intend to close this knowledge gap using data from the multi-
ethnic Million Veteran Program (MVP; ref. 13), one of the largest
and most racial/ethnically diverse biobanks in the world, to examine
the genetic associations of HPV-driven and HPV-negative HNSCC.
The MVP was initiated by the Department of Veterans Affairs (VA)
in 2011 to collect genomic, epidemiologic, and clinical data from at
least one million veterans to study the role of genetics, lifestyle, and
military experiences in the development of human diseases. We
hypothesized that immune variants may confer an immune advan-
tage to the virus or the host, and thus play a prominent role in
HNSCC susceptibility. We believe that results from our study will
have relevance to the development of HNSCC screening programs,
genetic counseling, and targeted interventions (e.g., HPV vaccina-
tion and smoking cessation), which can ultimately reduce the
burden of HNSCC.

Materials and Methods
Human subjects, sample collection, andgenomic analyses of the
MVP cohort

The MVP (RRID:SCR_021731) eligible study population consists
of U.S. men and women veterans (age 18–90 years old) who were
enrolled in the nationwide VA healthcare system, beginning in early
2011 (13). All participants in the parent MVP study cohort provided
written informed consent in accordance with recognized ethical
guidelines of U.S. Common Rule as the only inclusion criteria (see
informed consent document at http://www.research.va.gov/MVP/).
The parent MVP study and the current study protocol were both
approved by the U.S Veteran Affairs Central Institutional Review
Board.

Study participants provided blood samples for genotyping and
completed surveys to obtain basic demographic and lifestyle char-
acteristics. DNAwas extracted from blood and genotyped on a custom
Axiom MVP 1.0 array (�723,000 markers). This MVP chip: (i) is
enriched for exome polymorphisms and tag SNPs validated for dis-
eases; (ii) augmented with biomarkers of specific interest to the VA
population including African-American and Hispanic ancestry mar-
kers; and (iii) improves causal variant mapping, in particular covering
a large proportion of theHLA region, which is one of themost variable
regions in the human genome and technically challenging to assay
directly on other commercial arrays.

Identification of HNSCC cases and controls in the MVP-HNSCC
study

MVP participants who were enrolled between 2011 and December
2019, and whose genotype data were available as of June 2021, were
eligible for this study. We identified all HNSCCs among this MVP
cohort and further classified them as (i) primary OPC—cancer in the
oropharynx, soft palate, or tonsils, and (ii) primary non-OPC—sites in
the larynx, hypopharynx, and oral cavity, respectively using diagnostic
code and keyword searches of the cancer site and histology variables in
the VA’s adjudicated Central Cancer Registry (VA CCR). Additional
diagnostic ICD code searches were performed followed by physician
Electronic Medical Records (EMR) review to confirm additional cases
not captured by the VA CCR. Searches for HNSCC diagnoses were
performed using VA’s Corporate Data Warehouse (CDW). We
excluded cases in the salivary gland and nasopharynx as a subset

attributable to Epstein–Barr virus (EBV). We also excluded patients if
they received allogeneic (e.g., solid organ, bone marrow) transplants
and if they had any cancer diagnosis other than nonmelanoma skin
cancer prior to HNSCC diagnosis. We selected 4:1 frequency-matched
cancer-free controls separately for OPC and non-OPC cases using
approximate incidence density sampling including the following
match criteria: age, sex, race/ethnicity, first visit date in VA healthcare
and index date with controls having VA visit in the same year as case’s
index date (date of the first diagnosis of HNSCC). The MVP cohort
used Harmonized Ancestry and Race/Ethnicity (HARE) to partition a
multiethnic cohort into nonoverlapping strata: non-Hispanic whites,
Hispanic-Americans and African-Americans. This enables most indi-
viduals to be included in the individual analyses, regardless of whether
self-identified race/ethnicity is available.

HPV status and risk factor phenotyping in the MVP-HNSCC
study

HPV/p16 statuswas determined using text-word searches of pathol-
ogy/oncology relevant narrative notes followed by EMR review to
confirm p16 IHC staining (HPV surrogate biomarker) or direct high-
risk HPV testing (in situ hybridization) and their results (positive,
negative, or indeterminate) for OPCs diagnosed 2010 onward, as
testing was not routinely conducted before then. Smoking history
(never, former, and current) and presence of alcohol abuse using the
validated Alcohol Use Disorders Identification Test-Consumption
(AUDIT-C) were obtained from nationwide mandated health factor
screenings before the index date. Maximum body mass index (BMI)
based on the highest value before the index date was categorized as
normal (<25), overweight (25–30), and obese (>30).

Immune genes selection and genotype data acquisition for the
MVP-HNSCC study

We assembled a list of 1,576 immune-related genes by under-
taking an extensive literature search and by querying InnateDB
(RRID:SCR_006714) and immunome databases that cover the key
pathways that regulate immunity and inflammation such as anti-
gen presentation, T-cell priming or activation, immune cell local-
ization, recognition/killing of cancer cells, myeloid cell and natural
killer (NK) cell activity, cell cycle and proliferation, tumor-intrinsic
factors, immuno-metabolism, killer cell immunoglobulin-like
receptor (KIR) cluster, and common signaling pathways (Wnt,
TGFb, NF-kB, TLR, and Jak/STAT; Supplementary Table S1). We
also included the significant susceptibility genes identified in prior
HNSCC-GWAS (8–12).

A total of 22,953 SNPs in these 1,576 immune-related genes were
identified from theMVPChip. Our analysis included common [minor
allele frequency (MAF) ≥ 5%] and low-frequency (1% ≤ MAF < 5%)
variants. To avoid analysis of highly correlated SNPs, we used Haplo-
view (RRID:SCR_003076) software (14) to prune the dataset by
imposing a linkage disequilibrium (LD) threshold of r2 < 0.8. Subjects
with call rates <95% and SNPs with call rates <95% were removed.
SNPs with Hardy–Weinberg equilibrium tests P < 10�3 among con-
trols were removed. The subject’s sex was verified using the sex check
option in PLINK. Relationship checking was performed by estimating
the proportion of alleles shared identically by descent for all pairs of
subjects in PLINK (RRID:SCR_001757).

Association analysis in the MVP-HNSCC study
The association between each SNP and overall HNSCC risk and risk

by tumor site (OPC and non-OPC) was assessed by the Cochran–
Armitage trend test. To control for multiple testing, a FDR adjusted
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P value threshold of 5 � 10�5 was used. Effect size odds ratio (OR)
measuring risk change per copy of the minor allele was calculated in
logistic regression assuming a log-additive genetic model. Regres-
sion models were adjusted for age, sex, race/ethnicity (HARE),
smoking status, alcohol abuse, BMI, and eigenvectors. Because each
HARE stratum is not genetically homogeneous, therefore, we have
also accounted for genetic structure by adjusting principal compo-
nents in our analysis. The selection of covariables was based on a
priori knowledge regarding the relationships between these factors
and HNSCC risk. LD blocks were defined based on the HapMap
recombination rate using the recombination hotspots. Haplotypes
were inferred using an Expectation–Maximization algorithm and
analyzed based on the generalized linear model framework with
adjustment of confounding variables. In the racial stratification, we
focused on non-Hispanic whites (NHW) and African-Americans,
because other ethnic groups were not well represented. We also
performed stratified analyses based on smoking, alcohol abuse,
and BMI.

Functional variant annotation, expression quantitative trait loci,
and Kyoto Encyclopedia of Genes and Genomes pathway
analysis

To explore possible functional implications of candidate variants
identified in association analysis (overall, OPC, non-OPC, and stratified
analyses), we used multiple public annotation databases including (i)
Encyclopedia of DNA Elements (ENCODE; RRID:SCR_006793),
to predict SNP functional regulatory features (transcription factor bind-
ing, open chromatin, and the presence of putative enhancer, promoter,
enhancers); (ii) Genotype-Tissue Expression Project (GTEx v8; RRID:
SCR_013042) expression quantitative trait loci (eQTL) summary statis-
tics, based on RNA-seq analysis of lung and squamous esophagus
(n ¼ 483) that best represent squamous epithelium (like oropharyngeal
and oral cavity); (iii) pathway enrichment analyses by Kyoto
Encyclopedia of Genes and Genomes (KEGG; RRID:SCR_001120)
and Gene Ontology (GO; RRID:SCR_002811); and (iv) functional
interaction networks via Search Tool for the Retrieval of Interacting
Genes (STRING; RRID:SCR_005223).

External validation and replication analysis
The replication cohort dataset was part of a published HNSCC-

GWAS (9) in NHW with a diagnosis of HNSCC treated at The
University of Texas MDAnderson Cancer Center (MDACC) between
December 1996 and July 2011, whose genomic DNA was genotyped
with Illumina HumanOmniExpress-12v1. The controls were recruited
from genetically unrelated visitors who accompanied patients with
cancer toMDACCoutpatient clinics, or individuals from theMDACC
melanoma study and the Study of Addiction: Genetics and Environ-
ment (SAGE). The candidate variants associated with HNSCC risk
(overall and by site, OPC and non-OPC, respectively) identified from
the discovery in the NHW were further examined in the MDACC
validation study. We performed a random-effects meta-analysis of
association statistics from the two studies to calculate a combined
P value. Random-effects meta-analyses allow for heterogeneity caused
by differences in study populations and imbalanced study sizes.
Classical fixed-effects meta-analyses are not optimal for the analysis
across study estimates where underlying allele frequencies are different
between studies.

Data availability
All project-level data (anonymized individual genotypes, epidemi-

ologic, and clinical data) from the MVP has been made available

to approved MVP researchers at the Genomic Information System
for Integrative Science (GenISIS). The genotyping data of MDACC
HNSCC cases were deposited in the NCBI dbGaP (RRID:
SCR_002709) database of genotypes and phenotypes (dbGaP acces-
sion no.: phs001173.v1.p1). The controls including the MDACC
melanoma study49 (dbGaP accession no.: phs000187.v1.p1) and Study
of Addiction: Genetics and Environment (SAGE50; dbGaP accession
no.: phs000092.v1.p1). Genotype-Tissue Expression dataset (GTEx
v8) is publicly available and can be downloaded (https://gtexportal.
org/home/protectedDataAccess).

Results
Characteristics of the MVP-HNSCC study and MDACC validation
study

In the discovery study, we identified 20,060 study-eligible MVP
participants, including 4,012 patients with HNSCC (45% OPC; 55%
non-OPC) and 16,048 frequency-matched cancer-free controls
(Table 1). As expected, there was a high predominance of males
(98.7%) given the demographics of the Veteran population. African
Americans represented 13.6% of the cohort. The non-OPC cases
were more likely to be lifelong smokers and have a history of alcohol
abuse. Among OPC cases from 2010 onward, 1,002 (55%) had HPV
and/or p16 testing data available (Table 1). Of these, 793 (79%)
were deemed HPV/p16 positive and 209 (21%) were deemed HPV/
p16 negative. Among African-American OPC patients, 103 (51%)
with HPV data and/or p16 testing data available, 84 (82%) were
deemed HPV/p16 positive and 19 (18%) were deemed HPV/p16
negative.

The MDACC validation study is comprised of 2,185 cases (55%
OPC; 45% non-OPC) and 4,507 controls. Compared with the
MVP-HNSCC study, the MDACC study had a substantially lower
prevalence of males (77% of men in cases, 55% of men in
controls); the MDACC study only included NHW subjects (by
study design).

Risk of all HNSCC types in MVP-HNSCC study
In the discovery set, after stringent QC exclusions, genotype data

were available for 16,050 common and low-frequency SNPs in the
1,576 immune genes. We performed association analysis for these
SNPs with overall HNSCC susceptibility in NHW and African
Americans separately (Fig. 1). In NHW (3,266 cases vs. 13,064
controls), we identified five loci (53 SNPs) with P values <5 � 10�5

(Fig. 1A). The strongest signal was seen in the HLA region on
6p21.32. Forty-one significant SNPs were detected in this HLA
region, with the lowest P value occurring within HLA class-II
variants, such as HLA-DRB5 rs111834747, HLA-DRB1 rs28724008,
and HLA-DQB1 rs6928482 with P ¼ 5.5 � 10�7, 1.3 � 10�6, and
2.2 � 10�6, respectively (Table 2). The second strong association
is 19p13.2 intercellular adhesion molecule 5 (ICAM5) rs11575074
(P ¼ 8.4 � 10�6). The third locus is 16q24.3 Fanconi anemia
complementation group A (FANCA) rs12931267 (P ¼ 1.4 � 10�11),
and two additional significant variants (rs17233497 and rs17232910)
in FANCA.Haplotype analysis of these FANCA three variants showed
a significant global association (Pglobal ¼ 1.4 � 10�11, Table 3). The
fourth locus is 5q35.1 Fibroblast Growth Factor 18 (FGF18)
rs67585403 (P ¼ 4.6 � 10�5). Additional suggestive candidates in
FGF18 are rs62383998 and rs78810186. The fifth locus is 9q31.1
structural maintenance of chromosomes 2 (SMC2) rs3818625
(P ¼ 4.1 � 10�5). Additional suggestive (borderline significance
after FDR correction) candidates in SMC2 include rs10820599,
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rs10820605, rs966390, and rs7041529. A significant association was
detected in haplotype tests of SMC2 variants (Pglobal ¼ 7.2 � 10�6,
Table 3)

Because of the relatively small size of the African-Americans (549
cases vs. 2,196 controls), we relaxed the significance threshold to
P value 10�4 and identified six loci for overall HNSCC risk
(Table 2; Fig. 1B). The strongest association was 17p13.1 Macrophage
Antigen (CD68) p.Q254K (P ¼ 1.1 � 10�4). Other significant loci
identified were 6p21.32 HLA class I gene, HLA-G p.H117H (OR,
0.70; 95% CI, 0.57–0.86; additional HLA-G candidates includes
rs1736959 and rs1610707), 9q21.33 growth arrest-specific 1 (GAS1)
rs111548894 (OR, 4.48; 95% CI, 2.03–9.89), 11q12.2 T-cell differ-
entiation antigen (CD6) rs72928596 (OR, 2.81; 95% CI, 1.59–4.97),
11q23.2 neural cell adhesion molecule 1 (NCAM1, also called CD56)
rs17510855 (OR, 4.99; 95% CI, 2.11–11.80), and 18q22.2 SOCS6
rs11665533. Of these seven loci, three regions (6p21.32, 11q12.2,
and 18q22.2)were previously reported inHNSCC-GWAS inEuropean
and Chinese populations (8–10).

Risk of OPC and HPV-positive OPC in MVP-HNSCC study
As shown in theHLA regional association plot (Fig. 1C), a total of 75

variants acrossHLA class II genes showed a strong association forOPC
risk, with eight top-ranked hits displaying association P < 5 � 10�7.
The most significant three were seen in HLA-DQB1 rs3135006, HLA-
DRB1 rs28724008, and HLA-DRB5 rs111834747 (P ¼ 2.9 � 10�8,
3.4 � 10�8, and 3.7 � 10�7, respectively; Table 2). In addition, we
identified a new locus 2p21 Protein Kinase C Epsilon (PRKCE)

rs2711286 (P ¼ 2.3 � 10�5) and an HPV-driven cervical cancer
GWAS locus, 4q12 proto-oncogene tyrosine-protein Kinase (cKIT,
also called CD117) rs2646357 (P ¼ 2.3 � 10�5; Table 2).

As the HLA region is characterized by a complex LD pattern and a
considerable number of variants showing strong associations, we
subsequently assessed the HLA-DQA1, HLA-DRA, and HLA class II
(eight lead SNPs) haplotype associations with OPC. The global score
test showed significant differences for haplotype effects inHLA-DQA1,
HLA-DRA, andHLA class II (P¼ 1.7 � 10�5, 0.0077, and 6.5 � 10�4,
respectively;Table 3). For haplotypes derived from the eight lead SNPs
crossHLA class II, three risk haplotypes that are carrying 2, 3, 4, and 5
at-risk alleles, also confer a steadily increased risk in OPC (ORs from
1.29, 1.32, 1.44–1.53).

When focusing on the HPV-positive OPC subgroup (n¼ 793), our
analysis revealed an even stronger association in the HLA class-II
genes. In particular, the OR for carriers of the risk alleles ofHLA-DRA
rs3135394 and HLA-DQB2 was 3.8- and 2.2-fold greater than non-
carriers (Table 2). We also identified three additional loci including
11q24 MHC-restricted cytotoxic and regulatory T-cell molecule
(CRTAM/CD355) rs117421411, 16q21 vascular endothelial cadherin
(CDH5, also called CD144) rs77789388, and 18q12.1 N-cadherin
(CDH2, also called CD325) rs9965078.

Risk of non-OPC HNSCC in MVP-HNSCC study
On non-OPC subgroup stratification (2,189 cases), the association

at 1p36.32 Tumor Protein 73 (TP73, member of TP53 family)
rs1122723 and 16q24.3 FANCA rs12931267 retained high significance

Table 1. Basic characteristics of the MVP-HNSCC study participants.

Characteristics Overall HNSCC Controls OPC Controls Non-OPC Controls
N (%)a N ¼ 4,012 N ¼ 16,048 P valuea n ¼ 1,823 n ¼ 7,292 P valuea n ¼ 2,189 n ¼ 8,756 P valuea

HARE race/ethnicityb 1.00 1.00 1.00
Non-HispanicWhites (NHW) 3,266 (81.4) 13,064 (81.4) 1,525 (83.6) 6,100 (83.6) 1,741 (79.5) 6,964 (79.5)
Hispanic-Americans 161 (4.0) 644 (4.0) 79 (4.3) 316 (4.3) 82 (3.8) 328 (3.8)
African-Americans 549 (13.6) 2196 (13.6) 201 (11.0) 804 (11.0) 348 (15.9) 1,392 (15.9)

Age, years 0.97 0.66 0.86
Mean (SD) 66 (8.9) 66 (9.1) 64.9 (7.5) 65.0 (8.0) 66.9 (8.6) 66.9 (9.0)

Sex 1.00 1.00 1.00
Male 3,958 (98.7) 15,832 (98.7) 1,796 (98.5) 7,184 (98.5) 2,162 (98.8) 8,648 (98.8)
Female 54 (1.3) 216 (1.3) 27 (1.5) 108 (1.5) 27 (1.2) 108 (1.2)

Smoking <0.001 <0.001 <0.001
Never 547 (13.6) 3,914 (24.4) 359 (19.7) 1,796 (24.6) 188 (8.6) 2,118 (24.2)
Former 1,722 (42.9) 7,701 (48.0) 849 (46.6) 3,414 (46.8) 873 (39.9) 4,287 (49.0)
Current 1,702 (42.4) 3,985 (24.8) 592 (32.5) 1,841 (25.2) 1,110 (50.7) 2,144 (24.5)

Alcohol abuse <0.001 0.04 <0.001
No 2,683 (66.9) 11,660 (72.7) 1,328 (72.8) 5,405 (74.1) 1,355 (61.9) 6,255 (71.4)
Yes 709 (17.7) 1,892 (11.8) 269 (14.8) 916 (12.6) 440 (20.1) 976 (11.2)

Body mass index (BMI) <0.001 <0.001 <0.001
Normal, BMI < 25 1,239 (30.9) 2,574 (16.0) 494 (27.1) 1,116 (15.3) 745 (34.0) 1,458 (16.7)
Overweight, 25 ≤ BMI ≤ 30 1,419 (35.4) 5,676 (35.4) 636 (34.9) 2,506 (34.4) 783 (35.8) 3,170 (36.2)
Obese, BMI > 30 1,323 (33.0) 6,985 (43.5) 674 (37.0) 3,284 (45.0) 649 (29.7) 3,701 (42.3)

HPV statusc

Positive — — — 793 (43.5) — — — — —

Negative 209 (11.5)
Unknown 821 (45.0)

Note: Numbers do not add up to the column totals due to missing values. Control subjects were matched 4:1 to case subjects.
aP value from the two-sided chi-square test (for categorical variables) and Student t test (for continuous variables).
bMVP cohort used HARE to partition a multiethnic cohort into three nonoverlapping strata: non-Hispanic whites, Hispanic-Americans, and African-Americans. This
enables most individuals to be included in the individual analyses, regardless of whether self-identified race/ethnicity is available.
cHPV statuswas EMR confirmable for 55%of the total OPC cohort, all diagnosed from 2010 onwardwhen HPV/P16 testingwas first available in VA hospitals; all OPCs
diagnosed pre-2010 or 2010 onward but not tested were classified as unknown.
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(P ¼ 1.2 � 10�6 and 9.1 � 10�6, respectively; Table 2), whereas
6p21.32 HLA association was attenuated and with borderline signif-
icance (Fig. 1C). Moreover, we identified three new loci including
3p25.3 IL1 receptor associated-kinase 2 (IRAK2) rs6442161, 10q26.13
deleted in malignant brain tumors 1 (DMBT1) rs17103659, and
15q22.2 tropomyosin 1 (TPM1) rs72743223 (P ¼ 3.4 � 10�5,
4.8 � 10�5, and 4.2 � 10�5, respectively).

Stratified analyses by smoking, alcohol abuse, and BMI in MVP-
HNSCC study

As shown in Table 4, four loci were significantly enriched in
smokers: 2q33.1 apoptosis-related cysteine peptidase (CASP8)
p.K14R, HLA-DOA rs3135333, 11q13.1 NF-kB transcription factor
p65 (also called RELA) rs7115734, and FANCA rs12931267
(P ¼ 2.8 � 10�9, 8.3 � 10�6, 3.3 � 10�5, and 5.6 � 10�9,

Figure 1.

Manhattan plots of �Log10 (P) versus chro-
mosomal position of the association results of
immune gene variants in the MVP-HNSCC
study. A total of 1,576 immune-related genes
(16,050 common and low-frequency variants)
were evaluated in this analysis. A, Risk of
overall HNSCC in NHW: 3,266 cases versus
13,064 controls. B, Risk of overall HNSCC in
African-Americans: 549 cases versus 2,196
controls. C, Risk of OPC and HLA regional plot:
1,823 OPC cases versus 7,292 controls. D, Risk
of non-OPC: 2,189 cases versus 8,756 controls.
The y-axis shows the -log10 P values and the x-
axis shows the chromosomal positions. The
dashed horizontal lines represent the study-
wide significant threshold ofP¼ 5 � 10�4. The
HLA association showed consistent effects on
the overall HNSCC, OPC, and non-OPC analy-
ses. The association results were based on the
discovery study.
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respectively). Five loci enriched in patients with alcohol abuse:
1p31.1 leucine-rich repeat-containing 7 (LRRC7) rs954302, CASP8
p.K14R, 5q33.1 HLA class II antigen g chain (CD74, also called
HLA-DG) rs79078220, SMC2 rs3818625, FANCA rs12931267
(P ¼ 3.7 � 10�4, 5.6 � 10�7, 2.8 � 10�4, 7.9 � 10�5, and
1.7 � 10�6, respectively). Five loci were evident in the overweight
and obese patients, including CASP8 p.K14R, HLA-G p.H117H,
8p23.3 myomesin-2 (MYOM2) rs17064865, 10p11.21 partitioning
defective protein 3 (PARD3) rs9418121 and FANCA rs12931267
(P ¼ 8.8 � 10�9, 5.2 � 10�6, 1.1 � 10�5, 8.3 � 10�5, and
1.2 � 10�7, respectively). Notably, FANCA rs12931267 and CASP8
p.K14R were significantly enriched in smokers, alcohol-abuser, and
overweight/obese patients.

Functional annotation, eQTL evidence, biological pathways,
and networks

Among the 35 top-ranked noteworthy SNPs, we discovered (listed
inTables 2 and 4), 14 (40%) were predicted to reside within regulatory
elements (promoters, enhancers, and transcription start site) by
ENCODE and as strong eQTLs in lung and/or squamous esophagus
(P value <0.001 in the GTEx catalog) that influence the expression of
target genes.

As shown in Supplementary Table S2, GO enrichment and KEGG
pathway analysis highlighted (i) overall HNSCC risk-associated genes
were enriched in immunoglobulin complex, (ii) OPC-associated genes
were involved in antigen presentation and signaling, (iii) non-OPC-
associated susceptibility genes were enriched in the cellular response to
stress, and (iv) risk-factor interacted genes were involved in the
regulation of T-cell activation.

Figure 2 illustrates the gene interaction networks, either as exper-
imentally determined or database curated (high confidence protein–
protein interaction score ≥0.90). The networks consist of 18 genes in
four distinct clusters: HLA, NF-kB, TGFb receptor, and cKIT signal-
ing. Detailed pair-wise interaction scores are listed in Supplementary
Table S3.

MDACC validation and meta-analyses
To validate our findings from the discovery dataset, we performed

replication analysis for associations of overall HNSCC in NHW
patients with OPC or non-OPC, respectively. The MDACC study
does not have African-American participants and HPV status is not
available. There are 101 variants (38 for overall HNSCC, 37 for OPC,
and 26 for non-OPC) available in the MDACC study for testing. Of
these 101 variants, 90 had a consistent direction of effect, 35 showed at
least nominal significance (P < 0.05), 18 remained significant after
correction for multiple comparisons (P ≤ 4.95� 10�4), and nineHLA
variants reached genome-wide significance level (P < 5 � 10�8).

Table 2 summarizes the top-ranked candidates with consistent
associations from the random-effect meta-analysis. For HNSCC over-
all, two loci (six variants) were validated, namely 6p21.33 HLA (P ¼
2.6 � 10�9, 7.4 � 10�8, and 2.2 � 10�8 forHLA-DRB5 rs111834747,
HLA-DRB1 rs28724008, and HLA-DQB1 rs6928482, respectively),
and 9q31.1 SMC2 rs3818625 (P ¼ 4.1 � 10�4). For OPC, the HLA
class II association was even more evident, with nine HLA variants
reaching significance P < 5 � 10�4. Specifically, the three leading
associations from the discovery were HLA-DRB1 rs28724008, HLA-
DRB5 rs111834747, and HLA-DQB1 rs6928482 (P ¼ 2.8 � 10�11,
9.7 � 10�11, and 5.1 � 10�12, respectively). For risk of non-OPC, two

Table 3. Haplotypes and associations in the discovery MVP-HNSCC study.

Gene Haplotypea Case (%) Control (%) OR (95% CI)b P valueb Global score test P valueb

SMC2 haplotype and overall HNSCC risk in NHWs 7.2�10�6

rs3818625, rs10820599 GTCAG 0.52 0.50 1.00 (reference)
rs10820605, rs966390 AGTGA 0.40 0.41 0.92 (0.88–0.97) 5.14�10�4

rs7041529 Others 0.08 0.09 0.89 (0.76–1.01) 0.015
FANCA haplotype and overall HNSCC risk in NHWs 1.4�10�11

rs17233497 AGG 0.79 0.81 1.00 (reference)
rs12931267 GGG 0.11 0.10 1.16 (1.09–1.22) 5.1�10�6

rs17232910 ACC 0.08 0.07 1.20 (1.13–1.26) 3.5�10�9

HLA-DQA1 haplotype and OPC risk in all races/ethnicities 1.7�10�5

rs17843619 GCC 0.62 0.63 1.00 (reference)
rs28584179 GAC 0.25 0.24 1.22 (0.97–1.46) 0.0425
rs6928482 TCT 0.09 0.07 1.36 (1.18–1.57) 4.4�10�4

TAT 0.07 0.05 1.43 (1.13–1.71) 0.0293
HLA-DRA haplotype and OPC risk in all races/ethnicities 0.0077

CCGGAC 0.50 0.51 1.00 (reference)
rs2395166, rs3135352 TCGGAC 0.26 0.24 1.05 (0.99–1.1) 0.0957
rs3129843, rs3135394 TAGGGC 0.12 0.12 1.15 (1.07–1.23) 4.7�10�5

rs3135388, rs3763326 CCAAAC 0.09 0.09 1.21 (1.12–1.3) 4.8�10�7

others 0.03 0.04 0.92 (0.81–1.04) 0.178
HLA class II haplotype and OPC risk in all races/ethnicitiesc 6.5�10�4

DRA rs3135394 GCGCTTAG 0.38 0.39 1.00 (reference)
DRB5 rs111834747 AGGCTTTG 0.25 0.24 1.29 (0.99–1.54) 0.0452
DRB1 rs3208409, rs28724008 GGGCTTTG 0.08 0.07 1.32 (1.02–1.65) 0.0443
DQB1 rs3135006, rs6928482 GGGCTTTA 0.11 0.09 1.44 (1.17–1.78) 3.7�10�5

DQB2 rs1383264 AGACCCAA 0.08 0.07 1.53 (1.21–1.85) 2.8�10�7

DMB rs171329 Othersa 0.05 0.08 0.87 (0.79–0.96) 0.0184

aHaplotypes with a frequency <0.03 were pooled into a combined group.
bRegression models were adjusted for age, sex, genetically HARE, smoking status, alcohol abuse, and BMI.
cThe HLA class II haplotypes were derived from eight variants displaying association P < 5 � 10�7 (Fig. 1C, regional plot).
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novel loci were replicated: 10q26.13 DMBT1 rs17103659 and 15q22.2
TPM1 rs72743223 (P ¼ 1.3 � 10�4 and 2.0 � 10�4, respectively).

Discussion
We present the first HNSCC association study utilizing the large,

multiethnic MVP cohort and an independent validation study. We
identified and validated two loci for overall HNSCC susceptibility,
including the novel 9q31.1 SMC2 and the known 6p21.32 HLA. We
uncovered novel loci selectively enriched in African-Americans for
overall HNSCC risk and reveal ethnic/racial susceptibility differ-
ences. Our large sample sizes allowed us to conduct well-powered
analyses for distinct HNSCC sites and revealed striking and distinct
association signatures across HPV-positive OPC and non-OPC.
Although clinical studies of tumor biology and preclinical models of
HPV-associated disease have long suggested distinct immune fea-
tures of this virally mediated malignancy, the data summarized here
provide critical complementary support for this hypothesis and
have significant implications for both cancer prevention and cancer
therapeutics.

We have provided insight into the interaction between gene
variants and risk factors in the risk of overall HNSCC. Gene
variants were identified in both immune-related genes (the pri-
mary focus of the study) including HLAs, CD68, NCAM1/CD56,
CD6, and genes associated with aggressive tumor behavior, which
may be unrelated to antitumor or systemic immunity including

FANCA, FGF18, and SMC2. Taken together, our data support an
integrated cancer development model, in which both altered
immune status and tumor cell-intrinsic mechanisms (e.g., cellular
dedifferentiation, proliferation, and invasion) lead to increased risk
of HNSCC overall and risk of HPV-associated disease more
specifically. Overall, 40% of candidate variants are tissue-specific
eQTLs within the lung and squamous esophagus tissues, providing
additional biological evidence (regulating gene expression) for
putative susceptibility loci.

A major finding in this study was the consistent association in
both discovery and validation analyses of overall HNSCC suscep-
tibility with a novel locus, 9q31.1 SMC2, and known locus 6p21.32
HLA. SMC2 plays a dual role not only in tumor growth but also
in invasion and tumor metastasis (15, 16). The 9q31.1 region,
where SMC2 resides, is a known risk GWAS locus for pancreatic
cancer (17–19). There have been no prior reports of this locus on
HNSCC susceptibility. In agreement with published HNSCC-
GWAS (8–12), our result further reinforces the central functional
role of HLA molecules in the presentation of foreign antigens,
immune recognition, and subsequent serological responsiveness to
HNSCC (20, 21). The strong effect of the HLA region is also
commonly seen in GWAS of HPV-driven cervical cancer and
autoimmune disorders (22–25). We speculate that a possible
underlying mechanism may be related to risk-associated HLA
variations that affect the antigen-presenting environment. Specifically,
carriers of specific HLA alleles may have loss or downregulation of

Table 4. Overall HNSCCassociated leading SNPs inHPV-positiveOPC, smokers, alcohol abuse, and overweight/obese subgroups in the
discovery MVP-HNSCC study.

MAF Logistic regressionb

Loci� Gene rs ID#
Genic locationa

tissue-specific eQTL Case Control OR (95% CI) P value

HPV-positive OPC
6p21.32 �h�c HLA-DRA rs3135394 promoter, eQTL�l-s 0.11 0.07 3.82 (2.41–6.07) 1.3�10�8

HLA-DRB1 rs3208409 30 UTR 0.41 0.38 1.54 (1.31–1.82) 3.1�10�7

HLA-DQB2 rs1383264 promoter, eQTL�l-s 0.42 0.36 2.23 (1.60–3.11) 2.4�10�7

HLA-DMB rs171329 3 bp to TSS, eQTL�s 0.55 0.48 1.48 (1.29–1.69) 1.2�10�8

11q24 CRTAM rs117421411 enhancer 0.06 0.04 1.95 (1.41–2.69) 5.0�10�5

16q21 CDH5 rs77789388 promoter 0.20 0.15 1.40 (1.19–1.66) 6.3�10�5

18q12.1 CDH2 rs9965078 intergenic 0.12 0.08 1.54 (1.25–1.90) 6.2�10�5

Smokers
2q33.1 �c CASP8 rs3769823 p.K14R, eQTL�l-s 0.29 0.28 1.14 (1.09–1.19) 2.8�10�9

6p21.32 �h�c HLA-DOA rs3135333 intergenic 0.28 0.27 1.11 (1.06–1.16) 8.3�10�6

11q13.1 NFkB-p65/RELA rs7115734 upstream, eQTL�l-s 0.32 0.34 0.91 (0.88–0.95) 3.3�10�5

16q24.3 �c FANCA rs12931267 intron, eQTL�l-s 0.08 0.07 1.24 (1.15–1.33) 5.6�10�9

Alcohol abuse
1p31.1 LRRC7 rs954302 intergenic 0.17 0.20 0.81 (0.72–0.91) 3.7�10�4

2q33.1 �c CASP8 rs3769823 p.K14R, eQTL�l-s 0.33 0.31 1.12 (1.07–1.16) 5.6�10�7

5q33.1 CD74/HLA-DG rs79078220 upstream 0.11 0.09 1.32 (1.14–1.53) 2.8�10�4

9q31.1 SMC2 rs3818625 promoter, eQTL�s 0.42 0.44 0.91 (0.87–0.96) 7.9�10�5

16q24.3 �c FANCA rs12931267 intron, eQTL�l-s 0.09 0.07 1.20 (1.11–1.29) 1.7�10�6

Overweight/obese
2q33.1 �c CASP8 rs3769823 p.K14R, eQTL�l-s 0.30 0.27 1.14 (1.09–1.19) 8.8�10�9

6p21.32 �h�c HLA-G rs1130356 p.H117H, eQTL�l-s 0.31 0.28 1.19 (1.09–1.28) 5.2�10�6

8p23.3 �c MYOM2 rs17064865 promoter 0.10 0.09 1.16 (1.09–1.24) 1.1�10�5

10p11.21 PARD3 rs9418121 promoter, eQTL�s 0.24 0.26 0.91 (0.87–0.95) 8.3�10�5

16q24.3 �c FANCA rs12931267 intron, eQTL�l-s 0.08 0.07 1.22 (1.13–1.31) 1.2�10�7

Note: � , Known GWAS loci for HNSCC as �h; �� , known loci for cervical cancer as �c.
Abbreviation: ID, RefSNP identification number.
aSNP functional regulatory features (enhancer, promoter) were predicted by the ENCODE. The eQTLs were retrieved from the GTEx catalog, based on RNA-seq
analysis for normal lung (eQTL�l) and squamous esophagus (eQTL�s) tissues, which best represent oropharyngeal and oral cavity tissue.
bRegression models were adjusted for age, sex, genetically HARE, smoking status, alcohol abuse, and BMI.

Immunovariants and Head and Neck Cancer Risk in MVP Cohort

AACRJournals.org Cancer Res; 83(3) February 1, 2023 393



MHC molecules expression, impaired or reduced viral antigen-
presenting capacity or binding affinity, thus affecting the clearance
of viral infections and activation of antiviral immune responses, and
subsequently the susceptibility to HPV-related cancer.

African-Americans have been understudied in genetic association
studies of HNSCC. Several candidate genes-based association studies
have been performed in African populations but were underpowered
(with sample sizes ranging from 137 to 392 for HNSCC cases;
refs. 26–31); previous HNSCC-GWAS were largely based on homo-
geneous ethnic backgrounds, either European ancestry or East Asian
populations (8–12). Our study is among the first to examine the overall
HNSCC susceptibility and immunogenic associations in African-
Americans. Our subgroup analysis suggests that immune gene variants
profiles in HNSCC susceptibility vary across racial/ethnic groups. One
novel finding is that the association of a nonclassical HLA-class I
molecule, HLA-G was specific to African-Americans, whereas the
association of class-II HLA-DQ-DR genes was exclusively observed
in NHW. HLA-G has been termed “nonclassical” due to its low
frequency of polymorphisms and immunoinhibitory properties,
which are different from the properties of classical HLA-class I
molecules. It has become increasingly evident that HLA-G is involved
inmodulating immune responses and in promoting immune escape in
various types of cancers and infectious diseases (32–34). Accumulating
evidence has supported the concept that HLA-G polymorphisms are
genetic susceptibility and/or protection-relevant factors for cervical
HPV infections and viral persistence (35–38). A SNP (rs1633038) in
the 30UTR of HLA-G gene was significantly related to higher HPV
clearance rates among African-Americans with HIV/HPV co-infection,
but this association was not observed in Hispanics or European
Americans (35). Other interesting novel loci include 9q21.33 GAS1
(a tumor suppressor), 11q23.2 NCAM1/CD56 (immunoglobulin

superfamily), and 17p13.1 CD68 (Macrophage Antigen). These
markers have not been noted in HNSCC-GWAS of European and
Asian populations, but more research on a larger African-American
population is needed.

HPV infection drives most new OPC (>70%) diagnoses in the
United States, and HPV-positive OPC exhibits distinct genetic and
immune profiles from HPV-negative HNSCC. Our findings suggest
that the hypothesized and observed distinct immune profile of this
virally mediated malignancy may reflect not only the impact of the
virus itself, but intrinsic host immune characteristics, which may
facilitate infection, subsequent malignant transformation, or both.
Our findings were consistent with previous OPC-GWAS (10, 12),
which underscore the critical role of HLA class II variants and
haplotypes in HPV-driven OPC susceptibility. In addition, we uncov-
ered three novel loci (CRTAM/CD355, CDH2, and CDH5). We have
previously identified CRTAM as contributing to the risk of HPV-
positive OPC and cervical cancer (39). Intriguingly,CRTAM promotes
protective immunity against viral infection and appears to protect
from autoimmunity (40, 41). Dysregulation and genomics alterations
of cadherin genes CDH2 and CDH5 were reported in HPV-driven
OPC and cervical cancer (42, 43).

Another interesting finding is the two novel non-OPC suscepti-
bility loci: 10q26.13 DMBT1 and 15q22.2 TPM1. Of particular
significance, DMBT1 expression was recently shown 3-fold higher
in HNSCC who were ever smokers versus never smokers. DMBT1 is
known as a pattern recognition receptor in innate immunity
involved in infection, inflammation, and cancer (44, 45). Another
novel locus, TPM1 is a crucial tumor-suppressing gene in many solid
tumors including HNSCC (46). It has been demonstrated that
reduced TPM1 expression correlates with poor prognosis in non-
OPC patients (46). Further studies are warranted for in-depth

Figure 2.

Protein–protein interaction network of
candidate genes. The protein–protein
interaction analysis demonstrates the
high degree of significant interaction
(high-confidence score ≥0.90) among
the top candidate immune genes asso-
ciated with overall HNSCC in NHW and
African-Americans, OPC, non-OPC, and
risk factors (i.e., HPV-positive OPC,
smoking, overweight). These interac-
tions were either experimentally deter-
mined (fuchsia line) or database curat-
ed (blue line). The interaction networks
consist of 18 genes in four distinct
clusters: (i) HLA cluster: eight HLA
genes and two antigen-related genes,
CD74/HLA-DG and NCAM1/CD56; (ii)
NF-kB cluster: CASP8 – NFkB-p65 –

IRAK2; (iii) TGFb cluster: PARD3 –

CDH5 – CDH2; and (iv) c-KIT signaling:
SOCS6 – cKIT. The figure was generat-
ed using the STRING. The detailed
pairwise interaction score is listed in
Supplementary Table S3.
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functional characterization of these novel loci for non-OPC HNSCC
susceptibility and tumorigenesis.

The stratified analysis revealed the association of FANCA and
CASP8 ismost prominent in patients who are current/former smokers,
with heavy alcohol use and overweight/obese. Reports suggest germ-
line variants in both genes have been associated with the risk of
multiple cancer sites (i.e., pleiotropy). FANCA is a key member of
the Fanconi anemia (FA)/BRCA pathway including the core FA genes
and BRCA2 (FANCD1). FANCAmutations account for the majority
(�66%) of FA disorder cases, which is associated with a 500- to
700-fold increased risk of developing HNSCC, especially in the oral
cavity (i.e., non-OPC; ref. 47). Data from TCGA-HNSCC cohort
confirmed the correlation of genomic gains on 16q24.3 with
FANCA overexpression and reduced progression-free survival in
HPV-negative HNSCC (48).

Despite the strengths and biological plausibility of the associations
observed in our study, there are limitations inherent in our study. First,
the demographics of the MVP cohort diverge from the general U.S.
population. We repeated the analyses for the top associated variants in
males (98.7%) and found similar association results. Second, many of
the novel variants that we did not validate in the MDACC-HNSCC
study are probably due to different ethnic backgrounds (multiethnic
vs. NHW only), sex distribution, and other population-specific differ-
ences (i.e., higher rates of tobacco use and alcohol abuse in the veteran
population). In addition, HPV status is not available for the MDACC-
HNSCC cohort, because testing was not part of the standard of care
during that time. As such, we can only infer the relative proportion of
HPV-positive/negative patients from general population statistics that
are unreliable, particularly, as the relative proportion of HPV-positive
is now known to have been rapidly changing. Because much of the
immune signal observed is driven by HPV-positive disease, a differ-
ential frequency of HPV-positive disease in the validation cohort may
explain why some of the loci do not achieve statistical significance.
Third, in the absence of comprehensive validation and a modest
sample size of the African-American population and HPV-positive
OPCs, these subgroup analyses have limited statistical power. Future
research will be needed to generalize our results by performing
validation studies in racially diverse populations withmatching gender
distributions and HPV information.

In summary, our results underscore the role of immunogenic
variants in modulating susceptibility to both HPV-driven and non-
HPV-related HNSCC. TheHLA association showed consistent effects
on the overall HNSCC, OPC, and non-OPC risk, but these risks differ
by ethnicity (HLA-G in African Americans vs. HLA-DQ-DR genes in
NHW). These insights may serve as a starting point for the develop-
ment of genetically-informed approaches to HNSCC screening and
risk assessment in the veteran population.
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