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Abstract

Background: HPV associated oropharyngeal cancer is a clinically and biologically distinct
disease from smoking related Head and Neck Squamous Cell Carcinoma (HNSCC). Despite its
rapidly increasing incidence, the mutational landscape of HPV-positive oropharyngeal squamous
cell carcinoma (OPSCC) remains under-studied.

Methods: In this study, we present the first mutational analysis of the 46 HP\VV+ OPSCC tumors
within the newly expanded 530 tumor HNSCC TCGA cohort. We also performed a separate
exome sequencing analysis of 46 HPV+ oropharyngeal squamous cell carcinomas matched to their
normal lymphocyte controls from the Johns Hopkins University (JHU) cohort.
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Results: There was a strikingly high 33% frequency of mutations within genes associated with
chromatin regulation, including mutations in KM72C, KMT2D, NSD1, CREBBP, EP300, and
CTCF. In addition, the commonly altered genes PIK3CA and FGFR3 show distinct domain-
specific hotspot mutations as compared to their HPV negative counterparts. P/IK3CA shows a
uniquely high rate of mutation within the helicase domain, and FGFR3 contains a predominance
of hotspot S249C alterations that are not found in HPV-negative HNSCC.

Conclusion: This analysis represents one of the largest studies to date of HPV+ OPSCC, and
lends novel insight into the genetic landscape of this biologically distinct disease, including a high
rate of mutation in histone and chromatin modifying genes, that may offer novel therapeutic
targets.

Precis
A high frequency of mutations within chromatin regulatory genes, as well as domain specific

alterations within P/IK3CA and FGFRS3, are novel findings that distinguish the molecular signature
of HPV positive oropharyngeal squamous cell carcinoma from its smoking-related counterpart.

Keywords

Head and neck squamous cell carcinoma; oropharyngeal squamous cell carcinoma; HPV; TCGA,;
exome sequencing; epigenetics

Introduction

While smoking related Head and Neck Squamous Cell Carcinoma (HNSCC) has been on the
decline, the incidence of Human Papillomavirus-associated oropharyngeal squamous cell
carcinoma has rapidly increased and currently represents the most common form of HPV-
associated cancer in the United States (1). However, only recently has it been recognized as
a clinically distinct entity from HPV-negative HNSCC, reflected in both its improved
prognosis and response to treatment (2). This distinction is further established in the newly
released American Joint Committee on Cancer eighth edition staging criteria, which for the
first time categorizes HPV-positive HNSCC tumors as separate from HPV-negative tumors

3).

Genomic mutational profiling has revealed HNSCC tumors to be remarkable for their high
degree of inter-tumor heterogeneity, highlighting the challenge behind effective molecular
targeting and the need for larger cohort analyses of these tumors. Whole exome sequencing
has to date largely focused on HPV-negative tumors, and data on the HPV+ subpopulation
remains limited. The Cancer Genome Atlas (TCGA) Network originally published on a
cohort of 279 HNSCC tumors (4), with 36 of these identified as HPV-positive tumors, and
only 22 of these being from the oropharynx. This analysis did not separately analyze
oropharyngeal and non-oropharyngeal HPV-positive tumors however. The TCGA HNSCC
census has since expanded to 530 total samples, and here we analyze the expanded
Oropharyngeal HPV+ cohort, which now consists of 46 tumors. Non-oropharynx sites were
excluded from analysis, as HPV positivity within these other subsites still has an unclear
clinical role. The prior TCGA HPV+ analysis revealed 56% of tumors to contain PIK3CA
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somatic mutations and only one tumor of the cohort to contain a 7P53alteration, both
hallmarks of HPV+ disease (4). Indeed, other WES studies by Agrawal, Stransky, and
Pickering (5)(6)(7), also containing limited HPV+ data, have found only rare alterations in
TP53, CDKNZA, EGFR, or NOTCHI, which are so commonly found in smoking related
HNSCC. Liu et al found that within a subset of 15 HPV+ tumors, PIK3CA was the only
mutated gene (6). These studies have also highlighted the comparatively low rate of driver
mutations within HPV+ tumors; Agarwal noted a 4.8 Mut/Mb rate of HPV+ tumors as
compared to a 20.6 Mut/Mb mutational rate for HPV-negative carcinoma (7). Further, recent
analysis comparing HPV+ and HPV- oral cavity cancers has shown no distinct methylation
clustering between the two cohorts (8), suggesting uncoupling of HPV infection from
downstream epigenetic driver events reliant on promoter methylation, and further
complicating our genetic understanding of HPV+ tumor progression.

Although HPV+ oropharynx tumors have clinically favorable outcomes compared to their
HPV-negative counterparts, the low mutational rate and tumor heterogeneity suggests
limited options for targeted therapeutic intervention, and a need for further focused genomic
analysis of this unique oncologic entity. Here, we report whole exome analyses focused on
HPV+ OPSCCs from an independent JHU cohort, as well as present an updated analysis of
the expanded HPV+ TCGA cohort, to further elucidate signaling pathways that may
potentially be targeted by novel molecular agents.

Materials and Methods

JHU OPSCC Cohort and Sequencing

Forty-six advanced stage primary HPV+ OPSCC tumor samples were collected under an
approved Institutional Review Board protocol (#NA_00-36235) as previously described (9).
Each sample was matched to their respective normal lymphocyte control derived from
subjects’ blood. Full clinical characteristics of the cohort are presented in Supplementary
Table S1. All tissue was submitted to the Johns Hopkins Tissue Core as part of the Head and
Neck Cancer Specialized Program of Research Excellence (HNC-SPORE). Pathology of the
primary tumors was confirmed by two independent pathologists and tumor tissue was
microdissected to yield at least 80% tumor purity. Tumors were considered HPV positive if
they were positive on p16 immunohistochemistry or if positive on /in situ hybridization for
high-risk subtypes, in accordance with the recent College of American Pathologist
guidelines on HPV testing (10). In equivocal cases, HPV-16 E6 and E7 viral oncoproteins
were detected via PCR for confirmation (Table S1).

Exome Sequencing, Filtering and Alignment

DNA was extracted using the DNeasy Blood and Tissue kit (Qiagen) for high-quality
extraction per the manufacturer instructions. DNA samples from tumor and matched
lymphocyte controls were quantified using a Qubit (ThermoFisher Scientific). Greater than
1ug of each sample was prepared using a sonication based library construction and
enrichment method per the Beijing Genomics Institute (BGI) as previously described (11).
The prepared DNA libraries were hybridized to Agilent SureSelect Human All Exon kit to
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capture the target exome and sequencing was executed with the Illumina HiSeq 4000
sequencing system (BGI) at a variable depth of 50-150X.

The exome sequencing pipeline was performed on 92 samples, which included the 46 tumor
samples and 46 normal matched lymphocyte samples. To generate sequence alignment and
variant calls, we implemented our exome analysis pipeline on the cfncluster v1.3.1 (12).
Short reads were mapped to the human 1000 genomes v37 (13) by BWA-mem v.0.7.12.
Subsequent processing was carried out with SAMtools v.1.1, Picard Tools v.1.96, Genome
Analysis Toolkit (GATK) v2.4-9 (14) and, which consisted of the following steps: sorting
and splitting of the BAM files, marking of duplicate reads, local realignment, indel
realignment and recalibration of base quality scores. Somatic variants were called with
Mutect. Oncotator was used to annotate variants which were then filtered to include exonic
insertions and deletions, and nonsynonymous variants with EXAC and 1000 Genomes
population allele frequency <0.05.

TCGA analysis

Results

Data was downloaded from a recently expanded epigenomic analysis of 530 HNSCC tumor
samples within TCGA using the TCGA data portal. Non-oropharynx sites were excluded
from analysis, as HPV positivity within these subsites still has an unclear clinical role, and
do not display the treatment sensitivity that is the hallmark of HP\VV+ OPSCC. Oropharynx
samples were then selected for HPV positivity according to the previously described
selection methods of the Comprehensive Genomic Characterization of Head and Neck
Squamous Cell Carcinoma analysis (4). Samples were classified as HPV positive using an
empiric definition of high coverage (>1000) mapped RNA-Seq reads to high risk HPV
subtypes 16, 18, 33 and 35. Reads primarily aligned to E6 and E7 viral genes, and highly
corresponded to known clinical demographics of HPV+ OPSCC, including younger age and
white race. A total of 46 oropharyngeal tumors were deemed HPV+ per this criterion. Full
clinical data is presented in Supplementary Table S2. Mutations were filtered as per above in
order to include variants according to EXAC and human 1000 genomes v37. Genes were
annotated via Oncotator and only variants with population allele frequency less than 0.05
included.

Clinical Characteristics and Mutational Rates

Our cohort, gathered from the Johns Hopkins University (JHU) tissue core, contained 46
OPSCC HPV+ tumors and their paired normal lymphocytes. Clinical characteristics were
consistent with national demographic data regarding this cancer population (Table 1). The
average age of subjects was 55.7 years old, with the majority being male (89.1%, 41 of 46).
There was a predominance of Caucasian subjects (95.7%, 44 of 46). Seventeen tumors were
from never smokers (36.9%), 18 from former smokers (39.1%), and 11 from current
smokers (23.9%). Sixteen of 46 (34.8%) had a significant smoking history, defined here as
greater than 10 pack/years. The mutational rate of HPV associated carcinomas within our
study is independent of smoking status. This holds true in subgroup analysis, whether
comparing nonsmokers with current smokers (mutational rate 2.10 vs 2.56, p=0.69) or with
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former smokers (2.10 vs 2.82, p=0.36). There was no difference in mutagenic rates of
smokers with a >10 pack/year smoking history versus <10 pack/years (3.25 vs 2.22,
p=0.25), suggesting mutational effects are due to the HPV etiology of the disease and not
smoking status. All patients presented with locoregional disease, with the majority classified
as early stage disease per the AJCC 8™ Edition. Five subjects (10.9%) had Stage | disease,
38 subjects (82.6%) had Stage Il disease, and 3 subjects (6.5%) had Stage 111 disease. There
were 3 recurrences within the cohort following primary treatment. Two of the recurrences
occurred in Stage | disease and 1 recurrence occurred within a subject with Stage 11
carcinoma. There was no definable pattern of mutations within the tumors that had clinical
recurrences. Two tumors contained P/K3CA mutations, and there were separate mutations of
HRAS, FGFR3, KMT2D, CASP8, and FBXW/7 within one sample each.

Exome sequencing of 46 tumors was compared to normal lymphocytes from the same
subjects. A total of 18,862 genes were analyzed and the top 20 mutated genes along with
variant classification shown in Figure 1. This analysis revealed 6 genes with p-value <0.01.
The majority of variants contained missense mutations, with a high rate of enrichment (42%)
of C>T transversions, followed by T>C transversions (25%) (Figure S1). This mirrors the
HPV positive population within the prior TCGA analysis. In contrast, there is an elevated
rate of G>T transversions within HPV negative HNSCC, with an increasing frequency
associated with smoking status, as shown by Stransky et al and within the original TCGA
analysis. There was an average rate of 2.45 mutations per tumor, similar to the low rate of
mutagenesis within HPV+ tumors reported in other studies (15).

We have also analyzed the oropharyngeal sub-population of the newly expanded TCGA
cohort. 46 of these were HPV+, as determined by RNA-Seq high-risk subtype viral
oncoprotein analysis. Mean age of these subjects is 55.6 years old, with 89.1% being male
(Table 1). A majority of subjects had early stage cancers as per AJCC 8t Edition. Twelve
subjects (26.0%) had Stage | disease, 27 subjects (58.7%) had Stage Il disease, and 7
subjects (15.2%) had Stage |11 disease. There were 7 recurrences within the cohort, again
with no unique pattern of mutations as compared to subjects without recurrences. Full
Tumor mutations were determined by whole exome sequencing (4). There is an overall low
mutational rate of 1.21 per Mb. This is lower than previous studies of HPV positive HNSCC
and cervical squamous cell carcinomas. There is a particular predominance of TpC
mutations (5.45 per Mb) compared to CpG mutations (3.94 per Mb). This phenomena is also
seen in HPV related cervical cancer, whereas CpG dinucleotide alterations predominate in
non-HPV related cancers such as colorectal, pancreatic, and glioblastoma multiforme (16).
CpG transversions also correlate closely with degree of smoking in lung SCC and HPV-
negative HNSCC (4)(17). The top 25 mutated genes along with variant classification are
shown in Figure 2. There was a strong predominance of amplifications within 3q25-28
containing PIK3CA, and consistent with prior reports (18).

Chromatin regulators are significantly mutated within HPV+ OPSCC

KMT2C, KMT2D, NSD1, CREBBFR, EP300, and CTCF are all genes involved in histone-
dependent epigenetic regulation, and in aggregate are altered in 33% (15 of 46 tumors) of
our JHU cohort, and 24% (11 of 46 tumors) of the TCGA cohort. Interestingly, the majority

Cancer. Author manuscript; available in PMC 2020 July 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Haft et al.

Page 6

of these within the JHU cohort are found concurrently with other mutations (Figure 3),
perhaps reflecting a co-dependence on prior mutations for tumor propagation. KMT72C
stands as one of the most highly altered genes within the JHU group (17.4%, 8 of 46
tumors). KMTZ2C is a histone methyltransferase, synonymous with the MLL class of
proteins, which acts at transcription enhancer regions within cell growth pathways (19)(20).
The closely related KMT2D (MLL2) mutation is also identified within 5 of 46 of the JHU
tumors (10.8%).

NSD1 is mutated within 9% (4 of 46 tumors) of the JHU cohort, and 2 tumors within the
TCGA samples. NSD1 is a histone methyltransferase previously reported to be significantly
altered within HPV negative HNSCC (4). This putative tumor suppressor gene is correlated
with significant increased patient survival when the mutation is present, possibly related to a
known strong association with genome-wide hypomethylation and corresponding platinum
sensitivity (21)(22).

Mutations of the tumor suppressor CREBBP and its closely related paralogue £P300 have
not been previously identified in genome-wide studies of HPV-positive HNSCC. Within the
TCGA analysis, £P300is the third most altered gene at 13% (6 of 46 tumors). There are 2
CREBBP mutations. Within our JHU cohort, CREBBP is mutated in 4 of 46 tumors (8.7%),
and EP300in 1 subject (2.2%). CREBBFP/EP300 are acetyltransferases which modulate
chromatin accessibility within enhancer networks, and inactivating mutations of these genes
are highly recurrent within multiple types of lymphoma where they have been most studied
(23). As global transcriptional coactivators they act on both proto-oncogenes and tumor
suppressor genes, and loss of CREBBF/EP300 confers a clonal proliferative advantage
within tumor cells (24).

CTCFwas also found to be mutated in 1 JHU subject and 1 TCGA tumor. CTCF plays a
role in establishing three-dimensional chromatin structure by delineating insulating
boundary regions, preventing inappropriate interactions between enhancer and promoter loci
(25).

Interestingly, Rb1 is mutated within 2 JHU samples (4.4%) and 4 TCGA samples (8.8%).
The HPV+ E7 viral oncoprotein classically binds to R561, thereby disrupting the Rb-E2F
complex, and prematurely pushing the cell cycle into S-phase (26). An Rb1 mutation may
similarly act to disrupt binding to £2F independent of E7, but its dependence on E7 in this
case remains unclear. Interestingly, one of the Rb2 mutated samples within the JHU cohort
does contain expression of viral oncoproteins E245. Mechanistic and clinical studies have
notably shown a clear role for Rb beyond its canonical control of E2F. Specifically, Rb plays
an important role in histone modification and stabilization of the genome through epigenetic
control (27), and may represent an alternate role for Rb mutation in HPV+ cancer
progression.

Distinct PIK3CA and FGFR3 hotspot mutations predominate within HPV+ cancer

In our JHU cohort, the highest frequency of mutation was found within the PIK3CA gene, at
a rate of 28% (13 of 46 subjects). Eight of these variants contain nonsynonymous SNVs
located at the E545K hotspot position within the Helical PIK domain, and one within the
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E542K hotspot (Figure 4). Ten of the 13 subjects contain mutations within the helical
domain, whereby only one mutation is located within the kinase domain at G1049R,
immediately adjacent to the H1047R hotspot. TCGA analysis of HPV+ oropharynx tumors
is markedly similar, with a likewise 28% frequency (13 of 46 tumors) of missense mutation
of the PIK3CA gene. Notably, twelve of the 13 mutations were located within the E545K or
E542K helical hotspot domain, and none within the kinase domain (Figure 4). In contrast,
Liu et al showed that the majority of HPV-negative tumors contain mutations within the
kinase domain of P/IK3CA (6), highlighting a potentially distinct mechanistic difference
despite alterations within the same gene.

FGFRS3 likewise shows a mutational signature distinct from HPV-negative tumors. The gene
is mutated within 15% (6 of 46 tumors) of the JHU samples and 11% (5 of 46 tumors) of the
TCGA cohort. 5 of 6 mutations within the JHU cohort occur at the S249C hotspot, and 4 of
5 mutations within TCGA occur at the same locus. FGFR3 mutational domain variants have
not been previously reported within TCGA. In contrast to HPV+ tumors, TCGA HPV-
negative tumors have only a 1.5% (7 of 466 samples) FGFR3 mutagenic rate, with only one
of these located at the S249C hotspot.

PIK3CA and FGFR3 mutations predominate in HPV+ OPSCC, with a lesser role played by
other mutations within the P/IK3CA pathway. For example, only 2 tumors (4.4%, 2 of 46)
contain HRAS mutations within the JHU samples. There was one HRAS mutation within
TCGA HPV+ OPSCC. Two tumors contained PTEN mutations and two contained a PIK3R1
mutation in both our cohort and TCGA, respectively.

Notable Mutations within HPV+ OPSCC

We have identified potential driver mutations within HPV associated HNSCC that have only
previously been identified within non-HPV associated carcinomas, suggesting a smoking-
independent biological overlap between these anatomically related but distinct cancers.
Three of the JHU tumors carried the CASP8 alteration. CASP8 mutations are a significant
finding in HPV negative OSCC, yet to be identified in HPV+ HNSCC. The loss-of-function
of the apoptosis gene CASP8 s notable for its strong correlation with an HRAS co-mutation
in oral cavity cancer (4)(28), but there was no concurrent HRAS mutation within our study.
Indeed, we found one recurrent G13D HRAS mutation in two subjects, and no KRAS or
NRAS mutations within our entire cohort. The TCGA analysis revealed no CASPE, KRAS,
or NRAS mutations within HPV+ OPSCC tumors.

SERPINBS5is mutated within 2 of the JHU samples, and reaches statistical significance
based on its oncogenic clustering, suggesting its role as a driver. This gene has yet to be
reported within HNSCC genome analyses. SERP/NB5is notable in our population for
containing a high rate of co-occurring mutations (Figure 3), existing concurrently with
NOTCH1, FAT1, USP6, PDE4DIF, TRAF3and HLA-A. SERPINB5 s a serine protease
inhibitor with tumor suppressive properties whose expression levels are correlated with poor
response to chemoradiotherapy and worse overall survival in rectal squamous cell carcinoma
(29).
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We have identified mutations in FBXW?7 within 8 of 46 tumors (17.4%) of the JHU cohort.
This gene has previously been thought to represent a driver but has failed to reach statistical
significance in prior exome sequencing of HPV+ HNSCCs (30). FBXW7 promotes the
breakdown of Notch1 and Notch4, as well as degradation of the oncoproteins c-Myc and c-
Jun (31). Clinically low expression of FBXIWW/7 has been related to poor prognosis in
colorectal cancer (32) as well as resistance to chemotherapy within lung cancer (33),
highlighting its important role as a putative TSG. Importantly, within oral cavity cancer,
FBXW?7 may serve as a potential biomarker for clinical prognosis, as low histopathologic
levels of the protein correlate with poor response to chemotherapy and lower overall survival
(23). Notchl itself is mutated within 6.5% (3 of 46) of patients within the JHU cohort and
6.5% (3 of 46) within TCGA.

Notably, CYLD is mutated within the TCGA cohort at a rate of 13% (6 of 46). CYLD
inhibits NF-kB, a cellular proliferation switch in many cancers (34). PTCH1, a novel gene
alteration, is mutated in 2 JHU tumor samples and one TCGA tumor. PTCH acts within the
hedgehog signaling pathway, and its expression within certain tumor types has been shown
to reliably predict response to Imatinib treatment (35). HLA-B (6.5%, 3 of 46), HLA-C
(4.4%, 2 of 46), and HLA-J(2.2%, 1 of 46) are also all newly identified mutations, albeit
altered at low rates.

Discussion

HPV-positive Oropharyngeal Carcinoma represents a distinct biological disease process
from smoking related HNSCC. Here, we have defined the somatic mutational profile of a
large cohort of HPV+ carcinomas, as well as analyzed the HPV+ OPSCC subpopulation of
the newly expanded TCGA cohort, in order to further elucidate potential treatment strategies
based on driver alterations.

Alterations of chromatin regulators have emerged as a distinct feature of cancer in recent
years, and we show these genes to be highly mutated within HPVV+ OPSCC. One-third of the
top mutated genes found in our JHU cohort manage histone marks, or bind directly to
chromatin, to exert transcriptional activation or silencing. Integration of viruses into the host
genome is reliant on an open chromatin landscape (36), and may explain how dysregulation
of these genes can assist in HPV integration. Just recently has HPV integration sites been
shown to tightly correlate with specifically enriched histone marks (e.g. H3K27ac) in HPV+
oropharyngeal cancer (37). These specific histone marks are in turn associated with
downstream genes known to be commonly altered in HNSCC. Our findings support the
novel hypothesis that chromatin dysregulation paves the way for HPV integration.

CREBBPand its paralogue £P300remodel chromatin via acetylation, and are altered in
15% of JHU tumors in this study. Likewise, within our updated TCGA analysis, EP300is
the third highest altered gene. CREBBF/EP300 is ubiquitously expressed, interacts with over
400 proteins, and is a global transcriptional coactivator, exerting a powerful control over the
nucleosome (23)(38)(39). HPV oncoproteins E6 and E7 bind to the CREBBF/EP300 pair
and inhibit their ability to acetylate p53 (36). Through this mechanism, p53 dependent gene
activation is repressed, and consequently the cells ability to protect against DNA damage
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compromised. The binding of HPV oncoproteins to CREBBF/EP300 may explain why p53
remains notably non-mutated within HPV+ OPSCC, yet we see similar downstream
epigenetic effects as in patients that do contain altered p53.

KMT2C, KMTZD, and NSD1 belong to an increasingly important group of enzymes known
as protein methyltransferases (PMTSs), which perform site-specific methylation of histone
proteins. Only within the past decade have PMTs been implicated as drivers of
carcinogenesis, with mutations strongly implicated in metastatic spread of squamous cell
carcinoma (40). Within metastatic HPV+ anal cancer, KMT2C is the most commonly
mutated gene at a rate of 39% (41). In squamous cell carcinoma of the esophagus, there is a
higher rate of KMT2D mutations identified within metastases as compared to primary
tumors (42). In our JHU study population, KMT2C s altered in a statistically significant
28% of subjects, and all subjects within this cohort presented with locoregional metastases.
HPV+ OPSCC often presents clinically with large nodal disease, and it may be that
alteration in chromatin regulation acts as a strong driver event in metastatic spread of HPV
positive disease. In sum, the dysregulation of enhancer chromatin within HPV+ OPSCC
oncogenic progression has not been well characterized previously, and here, we highlight its
high rate of mutagenesis along with its potential mechanistic connection to HPV+
carcinoma.

There are currently no approved molecular therapies for HPV+ Head and Neck Cancer that
are based on empiric genetic mutational data. Cetuximab, a monoclonal antibody against
EGFR, was approved based on early studies within HNSCC showing an increase in copy
number of this gene and its association with poor clinical prognosis (35). However, its use
for HPV+ carcinoma is still being born out. Recent Phase 111 trials of pan- HER tyrosine
kinase inhibitors have suggested a reduced efficacy of EGFR antagonists against HPV-
positive tumors (43). Conversely, Bonner et al. did show an overall survival benefit with the
addition of the EGFR antagonist Cetuximab to radiotherapy (44). While the majority of
subjects within the study had OPSCC, HPV status was not known. Vermorken et al. also
showed a survival benefit within their small HPV+ subpopulation (n=24) when Cetuximab
was added to chemotherapy (45). Somewhat contradictory, within the JHU cohort there were
no EGFR specific mutations, and only two tumors harbored an HRAS mutation, highlighting
the need for more in-depth genomic investigations of driver events in order to bridge
understanding with empiric clinical data.

Interventions upon genomic mutations downstream of £GFR, such as the PI3K signaling
pathway, have only recently begun to be explored. We found P/K3CA to be the most
frequently mutated gene within our JHU and TCGA study populations, at a rate of 31%.
This is consistent with prior reports (18)(4), however here we demonstrate a difference in
domain mutations between HPV positive and negative disease. Within our HPV+ cohort,
mutations within the P/K3CA helical domain predominate, whereby kinase domain
mutations are more prevalent within HPV negative tumors (6). This may have clinical
impact. The BERIL-1 study has recently shown an improvement in disease-free survival
with the addition of the pan-PI3K inhibitor Buparlisib to paclitaxel within metastatic Head
and Neck Cancer (46). In subgroup analysis however, only subjects with HPV negative
tumors derived survival benefit. Those with HPV positive HNSCC had no improvement in
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disease free survival or overall survival. This suggests that despite having a similar rate of
PIK3CA mutations, HPV positive and negative disease may be specifically driven by
domain alterations. In several other cancers, the specific PIK3CA domain alteration has been
shown to be predictive of tumor response to treatment and survival. In urothelial carcinoma,
mutations within the P/K3CA kinase domain correspond with high levels of AKT activation
as compared to mutations within the helical domain (47)(48). And in an early phase clinical
trial, patients with the kinase domain H1047R mutation had a significantly higher partial
response rate to PI3K/AKT/mTOR inhibitors as compared to patients with helical domain
E545K and E542K mutations (49). In breast cancer, patients with helical domain mutant
tumors have been associated with poorer recurrence-free and overall survival, and
conversely, those patients with Kinase alterations had a better prognosis than those with even
PIK3CA wild-type tumors (50). Improved clinical outcomes for HPV positive OPSCC may
be dependent on isoform selective inhibition, with research ongoing. Recently, treatment of
an HPV-positive PIK3CA-mutated HNSCC tumor-graft model showed significant growth
inhibition following administration of the PI3K/mTOR inhibitor BEZ-235 (6).

Mechanistically, P/IK3CA domain specific alterations have been linked with differential
downstream pathway activations — mutations in the helical domain located on exon 9
corresponds strongly with features enabling cell migration and dissemination, while kinase
alterations located on exon 20 are associated with aberrant proliferation (51). Furthermore,
helical alterations are linked to oncogenesis by allowing the p110alpha catalytic subunit to
escape the inhibitory effect of p85, releasing the brakes on growth factor signaling. Kinase
mutants act via a different mechanism, directly activating the PI13K catalytic subunit, while
still being acted upon by p85 inhibition (50). This may explain the difference in survival
outcomes between HNSCC subjects with HPV positive versus HPV negative disease in the
BERIL-1 trial. As the case with targetable BRAFV600E mutations, importance of selective
inhibition against point mutations have become possible with deep genome-wide
investigations. The P/IK3CA pathway represents a possible avenue for successful
intervention in HPV-positive tumors, requiring further investigation.

We likewise show a distinct FGFR3 domain mutation profile focused at the S249C hotspot,
which is not found within HPV negative tumors. The S249C variant is prognostic, and
correlates with significantly worse disease-free survival within HPV+ OPSCC (52). This is
not true of the other FGFR3 domain variants. Moreover, targeted CHASM analysis of
oncogenesis suggests this variant to have a high likelihood of being a driver (18). Within
lung SCC, S249C mutations have been shown to drive cellular transformation in culture, and
growth of cells expressing this mutation were inhibited by the FGFR kinase inhibitor
ponatinib (53). This particular domain mutation has also been investigated within cervical
and bladder carcinomas, showing a distinct profile from other FGFR3domain variants. The
S249C variant correlates with higher FGFR3 protein expression, non-16/18 HPV subtypes,
and unfavorable clinical outcome (54)(55). Hotspot identification may become valuable as
selective FGFR inhibitors have shown promising preclinical and clinical effects (55).

The main difference between the two cohorts was in the heterogeneous make-up of the top
25 genes from each cohort as compared to each other. Only 3 genes are found in common
between the two cohorts — PIK3CA, FGFR3, and ZNF750. While this may possibly
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demonstrate the importance of these particular genes, it also highlights the dilemma of
genome wide studies. Often, inter-study mutational findings are highly variable, blurring the
lines between driver and passenger mutations, and highlighting an inherent limitation to the
present study.

In conclusion, this study represents one of the largest exome analyses of HPV-positive
oropharyngeal squamous cell carcinoma, including an updated analysis of the recently
expanded TCGA HPV+ cohort, offering further insight into the genetic landscape of this
biologically distinct disease from its smoking-related counterpart. Alterations of chromatin
regulators have only recently emerged as a distinct and common feature of cancer, and here
we highlight these genes to be altered in one-third of HPVV+ OPSCC tumors. Particularly,
KMT2C mutational burden reaches statistical significance, with other notably high
mutagenic rates seen within CREBBP, EP300, and NSD1. Furthermore, while PIK3CA and
FGFR3mutations are commonly mutated within HNSCC, here we have shown a distinct
domain mutation profile between HPV positive and negative tumors. Domain alterations
have been suggested to be as clinically important as gene specific alterations, and their
clinical relevance within HPVV+ OPSCC requires further study as potential indicators of
therapeutic response for targeted agents. Incorporating in-depth genome wide analyses will
become ever more important in future clinical trials if we hope to improve survival outcomes
and quality of life measures in HPV-positive oropharyngeal cancer.
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Figure 1.
Mutation events as determined by Exome Sequencing Analysis within the JHU cohort.

Corresponding gene is listed on the right side, and frequency of the mutation listed on the
left. Top histogram: number of mutations per subject.
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Mutational co-occurrences within exome sequencing of the JHU cohort
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Figure 4.

PIK3CA mutational gene mapping highlighting predominance of HPVV+ OPSCC mutations
within the helical domain. Top figure from our JHU cohort, and bottom figure from TCGA.
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Table 1.
Clinical characteristics of subjects from the JHU cohort and the TCGA HPV+ OPSCC cohort
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Characteristic  JHU No. (%) (N=46) TCGA No. (%) (N=46)
Mean Age (range) 55.7 £ 9.0 (35-74) 55.6 + 9.0 (35-77)
Sex

Male 41 (89.1) 41 (89.1)

Female 5(10.9) 5(10.9)
Race

Caucasian 44 (95.7) 44 (95.7)

Other 2 (44 2 (44)
Smoking Status

Never 17 (36.9) 20 (43.5)

<10 pack/years 13 (28.3) 4(8.7)

>10 pack/years 16 (34.8) 22 (47.8)
Alcohol

No 14 (30.4) 8 (17.4)

Yes 32 (69.6) 38 (82.6)
TNM Stage (AJCC 8 Ed)

[ 5(10.9) 12 (26.0)
I 38 (82.6) 27 (58.7)
I 3(6.5) 7(15.2)
v 0 0
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