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Abstract

The incidence of human papillomavirus (HPV)-related oropharynx cancer has steadily increased
over the past two decades, and now represents a majority of oropharyngeal cancer cases.
Integration of the HPV genome into the host genome is a common event during carcinogenesis
that has clinically-relevant effects if the viral early genes are transcribed. Understanding the
impact of HPV integration on clinical outcomes of head and neck squamous cell carcinoma
(HNSCC) is critical for implementing de-escalated treatment approaches for HPV-positive
HNSCC patients. RNA sequencing (RNA-seq) data from HNSCC tumors (n=84), was used to
identify and characterize expressed integration events, which were over-represented near known
head and neck, lung, and urogenital cancer genes. Five genes were recurrent, including CD274
(PD-L1). A significant number of genes detected to have integration events were found to interact
with Tp63, ETS, and/or FOX1A. Patients with no detected integration had better survival than
integration-positive and HPV-negative patients. Furthermore, integration-negative tumors were
characterized by strongly heightened signatures for immune cells, including CD4+, CD3+,
regulatory, CD8+ T cells, NK cells, and B cells, compared to integration-positive tumors. Finally,
genes with elevated expression in integration-negative specimens were strongly enriched with
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immune related gene ontology (GO) terms while up-regulated genes in integration-positive tumors
were enriched for keratinization, RNA metabolism and translation.
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Head and neck cancer; human papillomavirus; HPV-integration (or HPV-host fusional transcripts)

Introduction

Head and neck cancers together represent the sixth most common cancer worldwide. In
2015 the incidence of this type of cancer was estimated at > 742,000 new cases (> 400,000
deaths) [1]. While the most common risk factors associated with head and neck squamous
cell carcinomas (HNSCCs) are tobacco use and alcohol consumption, the past few decades
reveal a steadily increasing subset of HNSCCs associated with high-risk human
papillomavirus (HPV) infection. HPV-associated HNSCC patients tend to be slightly
younger, male (75%), more often non-smokers [2, 3] and characteristically demonstrate
improved survival in the majority of patients compared to patients with HPV negative
cancers [4]. Better understanding the role of HPV integration in oropharyngeal cancer
biology is fundamental to the design of new therapeutic strategies and selection of patients
for aggressive therapy.

HPV is the most common sexually transmitted infection in the US, with at least fifteen high-
risk HPV types classified as carcinogenic (HPV 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59,
68, 73, and 82) [5]. The vast majority of persons exposed to HPV successfully clear the
infection; however failure of the immune response can result in persistent infection with an
increased risk of progression to cancer [6]. The genome organization of HPV comprises a
long control region and eight genes necessary at different stages of the viral life cycle. The
E1 HPV protein is essential for replication of the viral episome (circular, extrachromosomal
HPV DNA) [7], while E2 functions in DNA replication [8], and suppresses expression of
oncogenes E6 and E7; E1 and E2 are often lost upon integration into the host genome. E4
and E5 contribute indirectly to genome amplification by modifying the cellular environment,
and E5 also possesses pore forming capability and interferes with apoptosis [9]. Oncogenic
E6 and E7 proteins are most important for HPV-associated tumorigenesis. High-risk E6
promotes p53 degradation, upregulates telomerase activity and maintains telomere integrity
during repeated cell divisions [9], while E7 binds to pRb (retinoblastoma protein) allowing
unchecked cell division. E7 can bind and degrade proteins that control cell cycle entry in the
basal and upper epithelial layers, and thus is able to stimulate host genome instability
through deregulation of the centrosome cycle [9]. Increased E6 and E7 expression
predisposes infected cells to an accumulation of genetic changes, which may increasingly
contribute to cancer progression, and correlate with the severity of neoplasia [9, 10]. E6 and
E7 are maintained in successful HPV integration events into the host genome.

Integration of high-risk HPV genomes into the host genome is observed in most invasive
cervical cancers and a majority of HPV(+) HNSCCs, although accurate percentages by
tumor site are unknown. It is still not clear whether HPV integration precedes E6/E7 induced
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genetic instability or rather is a consequence of instability [11]. It is thought that integration
occurs relatively late in progression in high-grade lesions such as CIN2 and CIN3 (cervical
intraepithelial neoplasia). The evidence is also mixed on whether expression of E6 and E7 is
higher with integration [10] or if it is constitutive expression of E6/E7 upon integration
rather than an increase in oncogene expression that is relevant to the malignant phenotype
[11]. Regardless, both of the above studies were performed for cervical SCCs and thus their
results may not translate directly to HNSCC.

The level of HPV integration has been proposed as a marker of disease progression in
cervical cancer [12, 13]: during the progression of cervical lesions, the rate of HPV
integration was observed to rise from 53.8% of CINs to 81.7% of cervical carcinomas [14].
The longer half-life of integrated viral transcripts compared with episomal transcripts further
promotes immortalization and transformation of cancer cells and provides a selective growth
advantage [15].

One of the largest collections of characterized HPV-positive HNSCC samples is The Cancer
Genome Atlas (TCGA), with 66 collected as of August 2015. From whole-genome and
transcriptome sequencing of the first 36 of these tumors, most HPV(+) tumors demonstrated
clear evidence of host genome integration (25 HPV/(+)/integration-positive tumors), and
often in association with amplifications of the genomic region. This TCGA analysis did not
identify any genes with recurrent integrations, or any common driver mechanism related to
HPV integration [16].

We have analyzed HPV integration sites in the human transcriptome in 84 primary HPV(+)
HNSC neoplasms collected at the University of Michigan (UM) (18 tumors) and TCGA. We
have expanded the sample size of TCGA tumors analyzed for HPV integration events from
36 [16] to 66 cases, with 47 oropharyngeal and 16 oral cavity tumors. We find five genes
with recurrent integration events, including CD274 (PD-L1). We also show strong biologic
selection for HPV integration into genes known to play important roles in head and neck
cancer. A significant number of genes detected to have integration events were found to
interact with Tp63, ETS, and/or FOX1A. As opposed to findings in cervical cancers, we do
not find statistically significant evidence for an enrichment of integration events in genomic
common fragile regions. However, we do find strong enrichment in specific types of
repetitive regions. Our survival analysis shows the clinical relevancy of HPV-integration,
which may be partly due to a change in immune response upon integration. If confirmed,
these findings have important implications for identifying specific patients for more or less
aggressive treatment approaches.

Materials and Methods

Tumor tissue acquisition, RNA extraction and RNA-seq protocol

Eighteen HPV(+) tumor samples were collected at the University of Michigan hospital from
patients with untreated oropharynx or oral cavity squamous cell carcinoma. Written
informed consents were obtained and the study was approved by the University of Michigan
Institutional Review Board. Tumor tissues were collected into a cryogenic storage tube, flash
frozen in liquid nitrogen and stored in —80C until prepared for histology. H&E slides were
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assessed for degree of cellularity (minimum 70%) and necrosis (less than 10%). Frozen
scrapings were processed using the Qiagen AllPrep DNA/RNA/Protein Mini Kit (Valencia,
CA, USA) as per manufacturer protocol. RNA library construction and sequencing on
Illumina HiSeq using 100 nt paired-end reads were performed by the University of Michigan
DNA Sequencing Core Facility, as described in [17]. Raw and processed RNA-seq data can
be accessed from GEO with the accession number GSE74927.

RNA-seq analysis

The RNA-seq libraries were aligned to human and HPV genomes to quantify the host and
viral gene expression and determine HPV status. Samples were classified as HPV(+) if they
had more than 1000 read pairs aligned to any HPV genome. We aligned raw reads to
following high-risk type HPV genomes: 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66 and
68, downloaded from NCBI [17]. RNA-seq fastq files of 66 TCGA HPV(+) tumor samples
were downloaded from cghub [18]. The data were re-aligned and analyzed in the same way
as UM RNA-seq data (see Supplementary Methods for details). Measuring HPV gene
expression levels was also performed as described in [17]. See Supplementary Methods for
additional RNA-seq analysis details.

Detection of HPV integration sites

Detection of known viruses, reconfirmation of positive HPV status, and identification of the
integration sites into the human genome was performed for HPV-positive UM and TCGA
samples using VirusSeq [19]. A positive integration event was defined as having at least four
supporting discordant read pairs and at least one junction spanning read. A tumor sample
was called integration positive if it contained at least one identified integration event. See
Supplementary Methods for additional details.

Gene network construction

To understand the biological relevance and relatedness of the genes harboring HPV-host
fusion transcripts, MetaCore software by Thomson Reuters (https://portal.genego.com/) was
used to model interactions among these genes. The set of parameters used for network
construction were high-confidence, functional, binding and low-trust direct interactions
between genes with the shortest path building algorithm. In MetaCore, gene 1Ds of interest
were mapped onto gene IDs of entities (for example Diseases), and ranked based on
“relevance” to the analyzed gene set. MetaCore using the hypergeometric distribution for
calculating disease enrichment p-values, given the size of the ontology, the dataset and the
particular entity. In MetaCore, p-value means the probability of a random intersection of two
different gene/protein/compound sets. (MetaCore Glossary).

Additional analyses

Analysis details for (1) associating HPV integration sites with repetitive and fragile regions
of the genome; (2) comparing integration results from whole genome sequencing and RNA-
seq data; (3) defining the cell type specific signatures; and (4) identifying the CD274
enhancer regions are available in the Supplementary Methods.
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Survival analysis

Overall survival for TCGA cases was analyzed for three groups: integration-positive,
integration-negative, and HPV/(-) samples using the survivaland survminer R packages.
Kaplan-Meier estimates of survival were determined, and a p-value was calculated using a
univariate log-rank test. Cox proportional hazards regression models were used for
adjustment of clinical covariate variables (age, clinical stage, tumor site and smoking status.)

Functional enrichment testing

Results

Enriched Gene Ontology (GO) terms and KEGG pathways were tested using RNA-Enrich
[20] (http://Irpath.ncibi.org/) which tests for gene sets that have higher significance values
(e.g. for differential expression) than expected at random, and takes into account any
relationship between gene read count and significance level. RNA-Enrich is able to detect
both pathways with a few very significant genes and pathways with many only moderate
differentially expressed genes without requiring a cutoff for significance. We implemented
the directional RNA-Enrich test (which tests for significantly up-versus down-regulated gene
sets) and only terms with less than 500 genes were considered for analysis. Custom code
was implemented to reduce redundancy (remove less significant, closely related GO terms)
for presenting the top enriched terms by integration status.

Samples description

RNA sequencing data from 84 HPV(+) HNSC malignant neoplasms were interrogated for
the presence of HPV integration sites into the cancer transcriptomes. Eighteen tumors were
collected at UM and tested for HPV status as previously described in [17]; the other 66 were
collected as part of TCGA. Detection of expressed viral integration events and their
insertional breakpoints was performed using VirusSeq [19] (see Methods and
Supplementary Methods for details). HPV integrations into the host genome (detected as
HPV-host fusion transcripts) were detected in 51 (60.7%) of the 84 samples. Among the 18
HPV(+) UM tumors, viral-host fusion transcripts were found in nine (50%) of the samples.
In the TCGA cohort we found 42 of the 66 tumors (63.6%) were integration-positive.
Among the integration-positive tumors there were 41 HPV16 tumors, one HPV18, six
HPV33, and three HPV35. Among the HPV(+) neoplasms investigated in this study, we did
not find differences between integration-positive and integration-negative samples by
demographic or clinicopathological parameters except by anatomical site (Table 1). We
tested only oropharynx versus oral cavity tumors for anatomical site differences, due to
insufficient samples from other sites, and found that oral cavity tumors have a higher rate of
HPV-host fusion events than oropharyngeal tumors (p=0.011). However, we note that some
of the HPV(+) tumors may have been posterior tongue cancers misclassified as oral cavity.

Analysis of integration at breakpoints

We found 320 virus-host fusion breakpoints, which were broadly distributed across the
human and viral genomes (Supplemental Table S1). Breakpoints were localized on all
chromosomes except chromosomes 20, 22, and Y, and occurred within or near 89 human
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genes (Figure 1). All 320 breakpoints were annotated to one of the 89 human genes. Overall,
116 (36.25%) breakpoints were located in exons, 124 (38.75%) were in introns, 41 (12.81%)
were downstream of the closest gene, and 39 (12.19%) were upstream of the closest gene
(Supplemental Table S1). We use the term “within” a human gene when integration occurred
in an exonic or intronic region, and “near” when integration occurred up- or down-stream of
the closest gene. Some genes have only 1 breakpoint while others up to 23 (RAD51B); the
average number of breakpoints per gene was 3.6. The average number of breakpoints per
sample was 6.3 (range = 1 to 19) (Supplemental Table S1).

Within the viral genome, breakpoints in oncogenes E6 and E7 were more common — 202
(63.13%) compared to breakpoints into other viral genes: E1 and E2 — 99 (30.94%), E4 and
E5 — 44 (13.75%), or L1 and L2 — 15 (4.69%) (Table S5). This may be explained by
preservation and expression of oncogenes E6 and E7 in all analyzed samples, while
expression of genes E1 and E2 were lost in more than half of the integration-positive tumors.
For the 36 TCGA tumors previously analyzed for HPV integration sites based on both DNA
and RNA[16, 21], we had good agreement using RNA only, with only five samples
reclassified based on RNA-seq (See Supplemental Methods and Discussion), suggesting that
most tumors with HPV integration events detected with DNA have expressed transcripts
from at least one of those integrations.

Comparison of viral gene expression by integration status showed significantly less
expression in genes E2, E4, and ES5 in integration-positive tumors compared to integration-
negative (p-values vary from 4.14 x 10798 to 3.8 x 10797), while there was no difference for
E6 and E7 oncogenes (p = 0.97 and 0.35 correspondingly; Table S5). Despite the reduced
expression of E2 in approximately 2/3 of integration-positive samples, some tumors showed
extremely high expression of this viral gene-regulator. Eleven integration-positive samples
with =1 breakpoints, had elevated expression of E2 (> 100 counts per million (CPM)) and
ten had E2/E6 expression ratio > 2 (Table S2). For example, sample UM-P03 had multiple
host-fusion breakpoints in B/RC3and in all HPV genes. Expression of E2 in this sample
was the highest among all tumors and expression of B/RC3was significantly elevated. We
note, however, that protein levels of the HPV genes may not be highly correlated with the
RNA levels.

We analyzed the distribution of breakpoints throughout the HP\VV16 genome, and observed
the integration locations into E6 and E7 by sample (Figure S2). A significant part of E6 had
no integration event across all analyzed samples, which could indicate selective pressure to
maintain this region.

HPV integration sites associate with LINE, MIR SINE and LTR repetitive elements but not
associated with common fragile sites

We investigated potential associations of integration sites with fragile and repetitive regions
of the human genome, accounting for the regions of the genome covered by the RNA-seq
data from all analyzed HPV(+) samples. We found significantly more insertional breakpoints
in the following classes of repeats: LINE (Long interspersed nuclear elements), SINE (Short
interspersed nuclear elements, including ALUs), DNA (DNA repeat elements), LTR (Long
terminal repeat elements, including retroposons) and “All repeats” than expected by chance
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(Figure 2B and Table S6). When breaking down LINEs and SINEs by subtype, we found
that mammalian-wide interspersed repeat (MIR) SINEs were significantly enriched with
integration events, but not Alu elements (Table S6). There was no significant enrichment of
HPV-host fusion breakpoints within common fragile sites (CFSs) although the p-value
suggests a trend (p = 0.058). We did not find an enrichment of host-fusion breakpoints in
non-fragile regions (NFR) (p = 0.084) or rare fragile sites (RFS), where fewer than expected
by chance were identified (Figure 2A and Table S7).

Analysis of integration sites at the gene level — recurrent integrations

Recurrent HPV integration events may signify the natural selection for tumor cells with
breakpoints in specific genomic regions, and can suggest novel cancer driver genes. Of the
89 human genes with or near at least one identified integration event (Figure 1,
Supplemental Table S1), five were associated with more than one tumor sample (i.e.
recurrent integration). These genes were CD274, FLJ37453, KLF12, RAD51B, and TTC6
(Table 2). The genomic distances between integration sites mapped within or near the same
gene in two different samples varied between 15 — 440 Kb. In one case, three samples
harbored breakpoints within the same locus, but not all annotated to the same gene. Samples
TCGA-CV-5443 (Larynx) and TCGA-T2-A6X0 (oropharynx) had HPV16 virus-host fusion
breakpoints at intron4 of CD274and ~100 bp upstream of the same gene, respectively, and
CD274 expression was higher in these samples than the average of others. The third sample,
TCGA-HL-7533 (oral cavity), harbored breakpoints all within a 207 Kb region in the same
cytoband chr9p24.1, just upstream from CD274, and were annotated to exon4 of gene
PDCDI1L G2and in exon2 and upstream of gene KIAA1432. CD274 expression was up-
regulated in this sample compared to others without integration in that locus (Supplemental
Figure S3). Evidence for the identification of two enhancer sites for CD274 in this region
(see Supplementary Methods, Identification of the enhancer regions for CD274) suggests
this region may regulate CD274 expression. HPV16 breakpoints were also found clustered
within or near genes KLF5and KLF12(cytoband chrl3 g22.1) in samples UM-P17, TCGA-
CR-7369, and TCGA-CN-4741, spanning a distance of ~700 Kb.

Genes harboring integrations are strongly enriched with head and neck, lung and
urogenital cancer related genes

To further understand the biological context of genes associated with one or more insertional
HPV breakpoints, we generated a protein interaction network directly connecting 65 of the
89 total genes (MetaCore software by Thomson Reuters; see Methods). Within this resulting
subnetwork, there were several hubs (genes with more than five interactions) (Figure 3A).
These genes, in order from most to fewest interactions, were: E752 (ETS), TP63, FOXA1
(HNF3), RUNXI (AML 1), KLF5,and CTGF (IGFBP7/8). The 89 genes forming the
network was highly statistically enriched for genes known to be important specifically in
lung neoplasms (p=1.69x 1025; rank=1), head and neck neoplasms (o= 2.66 x 10711;
rank=7), and urogenital neoplasms (p=1.52x 10710; rank=9) (Figure 3B; Supplemental Table
S3 spreadsheet “Diseases™), suggesting selection for cells with integration events in key
carcinogenic genes. Genes associated with head and neck neoplasms included CD274,
BIRC3, KCNT2, ERBB2, CDH9, HIST1H1D, SMC3, and TP63.
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We next sought to determine which genes harboring virus-host fusion breakpoints were also
known to have mutations in lung, head and neck, or cervical SCC. Comparisons were made
between the 89 genes from above and mutated genes from TCGA: HNSCC [16], lung SCC
[22], and cervical SCC and endocervical adenocarcinoma (TCGA, Provisional [23, 24])
(Figure 3C). Statistical testing for significance of overlapping of the 89 HNSCC-integration
genes with mutated gene-sets of diseases of interest was performed using Fisher’s Exact Test
with Bonferroni correction (Supplemental Table S9). Overlapping the 89 genes with

HNSCC mutated genes was significant (p-value after Bonferroni correction = 0.0116), as
was overlap with lung SCC mutated genes (p-value = 0.0006) and cervical mutated genes (p-
value = 0.0049) (Supplemental Table S9). Five genes (BIRC3, ERBBZ, SPEN, SMC3, and
T7P63) overlapped between all four data sets. Others that overlapped with lung or cervical
SCC mutations (PBX1, RAD51B, FGF3, CD274, PDCDI1L G2, ACTL7B, and VMOI)
suggest additional novel drivers for HPV(+) HNSCC.

Genes with integration sites into exonic regions show elevated expression

To investigate the impact of HPV integration on the expression of the corresponding host
gene, we tested for a significant difference in expression between the gene in the sample
harboring the insertional breakpoint versus the same gene in all other integration-positive
samples. We then tested whether the set of genes with integration overall had elevated (or
decreased) expression. Since the effect may depend on which part of the host gene contains
the insertion, we tested for a significant difference in expression for each of the following
genic/intergenic regions separately: upstream of the TSS, exon, intron, and downstream of
the transcription end site (TES) (Figure 3D and E). Taking into account recurrent
integrations, we analyzed 96 gene-sample pairs. Expression of genes at/near an integration
site were higher in the tumor with the integration compared to tumors without viral
integration near the same gene (79 of the 96 cases), and significantly higher in 32 cases (t-
test p-value < 0.05) When integration occurred in a gene exon, the expression of the gene
was significantly higher in the sample with the integration, compared with the expression of
the same gene in other samples (paired t-test p-value = 1.60E-09) (Figure 3D). Fisher’s exact
test also demonstrates that a significant number of the genes with an integration event in an
exon had elevated expression (OR = 11.6, p-value = 6.96 x 10797) (Figure 3E). For HPV-
host fusional breakpoints in intronic regions or upstream of the genes, there were actually
fewer genes significantly up-regulated than expected by chance (OR =0.17 and 0.11,
Fisher’s exact test p-values = 0.015 and 0.017 correspondingly). When considering genes
with increased expression in the integrated sample that were also identified as mutated in
HNSCC, lung, or cervical cancer, we found seven genes (NR4AZ2, RAD51B, FGF3, CD274,
PDCDILGZ, BIRC3, and ERBBZ2) (bold in Figure 3C).

Integration-negative patients have better survival than integration-positive

Using HNSCC overall survival data from TCGA, we found that patients with integration-
negative tumors had better survival compared to those with integration-positive tumors (for
two group comparison log-rank p-value = 0.0436 (Figure S1)), which had a survival rate
similar to patients with HPV (=) tumors (log-rank p-value = 0.0158 for three group
comparison) (Figure 4A). Univariate and multivariate Cox regression models were
performed including clinical covariates: site, sex, clinical stage, smoking status and age for
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comparison between three groups: integration-negative, integration-positive and HPV(-)
(Table S10 and Table S12) and two groups: integrated versus not integrated (Tables S11 and
S13). Number of events in groups of integration-negative, integration-positive and HPV(-)
are 2, 10 and 158 respectively. Univariate analysis demonstrates that HPV integration was
associated with overall survival, and remained significant in multivariate analysis (Tables
S10, S11, S12 and S13). There was no difference between integration-positive and HPV(-)
samples (p-value = 0.2065). Older age was significantly associated with worse survival.
Stage and disease anatomical site were not detected to have a significant effect on survival,
but the lack of significance may be due to small sample size. Former smokers had reduced
hazard of death compared to current smokers. These results suggest that the variability in
survival observed in patients with HPV/(+) tumors could be attributed to the better survival
of patients with integration-negative tumors. However larger sample sizes are needed for
confirmation.

To investigate whether the difference in survival between integration-positive and
integration-negative patients could be explained by differences in biological processes, we
performed enrichment analysis on the differentially expressed genes (DEGs) between the
two groups. Differential expression analysis on all 84 HPV(+) samples using integration
status as the group variable revealed 832 significantly DEGs (346 up in integration-positive
and 486 up in integration-negative; FDR < 0.05 and [log2(FC)| > 1). Genes with elevated
expression in integration-negative samples were most strongly enriched for immune related
terms (“T cell activation”, lymphocyte differentiation”, “B cell activation” etc.) (Figure 4B,
Table S4); up-regulated genes in integration-positive tumors were enriched for keratinization
and terms related to RNA metabolism and translation.

Integration-negative samples are enriched for T-cell and B-cell sighatures

We hypothesized that enrichment of integration-negative samples for immune related genes
could be explained by increased abundance of inflammatory cell types within these tumors.
To test this hypothesis we used a cell-type-specific deconvolution technique to determine
how the expression signatures of epithelial-relevant cell types differentiate the two groups.
We used cell type specific signatures developed from a microarray database containing 723
samples associated with 25 epithelial-relevant cell types [25], and calculated a signature
score across these 25 cell types for each of the 84 HPV/(+) tumors (see Supplemental
Methods).

We found that integration-negative tumors had stronger immune signatures, characterized by
heightened signatures for CD4+ T-cells, CD8+ T-cells, CD3+ T-cells, NK cells, Regulatory
T-cells, B cells, NK T-cells and CD34+ cells (Mann-Whitney U test; all FDR < 0.10) (Figure
4C, Table S8), which suggests that these tumors have higher levels of infiltrating immune
cells. To confirm this, we performed assessment of lymphocyte infiltration in our 18 HPV-
positive UM samples. We validated the trend of higher lymphocyte infiltration in HPV
integration-negative tumors (average value degree of infiltration 2.11) compared to
integration-positive tumors (average value 1.67), although due to the small sample size (9 vs
9), it did not reach statistical significance (p=0.1428 by Mann-Whitney U non-parametric
test). We used H&E (hematoxylin and eosin stained) slides and graded lymphocyte
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infiltration on a scale of 0—4+ which corresponds to the number of lymphocytes inside tumor
area versus outside [26] (Supplemental Table S14). The integration-negative did not have
significantly higher signatures for macrophages, gamma-delta T-cells, or neutrophils. The
strongest cell type for integration-positive samples was keratinocytes (FDR = 0.0617) (Table
S8).

Discussion

Human papillomavirus (HPV)-related oropharyngeal cancer has been rising in prevalence in
the United States, and is expected to soon overtake cervical cancer in incidence rate [2—4].
Conventional treatment for patients with advanced cancers generally involves radical
surgical resection and/or intensive high dose radiation. Both modalities are associated with
significant functional morbidity. Although as a group, survival of HPV(+) oropharyngeal
cancer patients is generally better than their HPV/(=) counterparts, biomarkers to predict
which patients would benefit from a de-escalated therapy regimen versus a more aggressive
treatment plan similar to that standard for HPV (=) patients are not clear. Integration of the
HPV genome into the host’s genome is one viral-related event that has remarkable
downstream consequences affecting viral expression, the host immune response, cellular
differentiation and more. Thus, patients harboring one or more viral integrations may have
heterogeneous prognoses or responses to treatment, as has been observed in analyses
considering the number of detected viral integrations in cervical cancers [13].

Most studies of viral integration have focused on the DNA, however not all DNA integration
events are transcribed [27]. There is strong evidence that tumors with presence of viral DNA
and RNA (HPV16 DNA+ RNA+) are very different from those which have viral DNA but
not RNA (HPV16 DNA+ RNA-) and viral DNA-negative tumors, which were found to be
similar and clinically indistinguishable [27]. We hypothesized that since expression is key,
identification of viral integration using RNA may be a more clinically relevant marker,
especially in a genic region where the tumor could exploit the cell’s promoter region to
induce viral gene transcription, knock out the relevant gene’s function, or use viral
transcriptional regulation to over-express an oncogene. Two data sources provide support for
this hypothesis. Zhang et al, 2016, characterized two subtypes of HPV/(+) oral cancers that
were correlated with HPV-host fusion transcript status, and this correlated with several other
variables known to affect survival (chr16q loss, E2/E5 expression, immune response, and
BCL2 expression) [17]. Second, the TCGA HPV(+) tumors that were found to have an HPV
integration event from the WGS data, but not from RNA-seq, have properties more
consistent with the other integration-negative patients. That is, they had higher immune
response signature and higher expression of E2 (Figure 4C). It’s possible that samples with
integration and elevated expression of E2 could bear both integrated and episomal forms.
However, a limitation of our analysis is that with RNA-seq data we could not confidently
distinguish samples with mixed versus integrated-only forms of the HPV oncogenes.

HPV integration events in cervical cancer map broadly across the human genome but with
frequent breakpoints in genic regions [14]. In the study of HPV integration in 35 HNSCC

TCGA tumors, integration into at least one host gene was identified in 54% of cases and it
was found within 20 kb of a gene in another 17% cases, suggesting a selective pressure for
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viral integration in or near genic regions [21]. Similarly, Akagi and colleagues (2014)
observed enrichment of HPV integration sites detected using WGS data within 50 kb of
RefSeq genes in a panel of 10 cervical and head and neck cancer cell lines, and also modest
enrichment within common fragile sites or DNase | hypersensitivity sites [28]. However,
after adjustment for the over-representation of breakpoint clusters, the enrichment of
integration in the genomic fragile regions was not significant. Different conclusions were
made regarding the association of integration sites with fragile regions. HPV integrations
were previously detected within or close to fragile sites in cervical tumors [29-32] and head
and neck cell lines [33]. However, other studies, including a comprehensive analysis of 135
cervical cancers and cell lines, did not find statistically significant evidence for this [14].
Doolittle-Hall with colleagues performed meta-analysis of DNA tumor-viral integration sites
and showed no evidence for preferential HPV integration in CFSs [34]. Our results also did
not show statistically significant association between CFSs and sites of integration in
transcribed regions of cancer genomes at the a=0.05 level. Inconsistent outcomes from
different studies may be due to a small effect size, confounding variables, and/or ill-defined
fragile site boundaries. We did find significant associations between HPV integration sites
and repetitive regions of the human genome (LINEs, MIR SINEs, DNA, and LTR). Other
studies also demonstrated enrichment of integration sites within repeats [14, 29, 34].

Viral integration is detected in almost 90% of cervical carcinomas [35] and presents a crucial
step in carcinogenesis: its appearance correlates with the progression of precancerous lesions
(CIN2/3) to invasive carcinoma. In our study, 61% of samples were defined as integration-
positive based on virus-host fusion transcripts. Integration is not a normal part of the HPV
life cycle and is characterized by loss of E2, which regulates transcription of E6 and E7. In
our analysis, E1, E2, E4, and E5 gene expression were significantly reduced in integration-
positive samples compared to integration-negative. There was no evidence for a difference in
expression of oncogenes E6 or E7 by integration status. These findings are in agreement
with Hafner et al (2008), who observed highly variable levels of viral oncogene expression
in CIN and cervical cancers, but these levels were independent of the physical state of the
viral genome (episomal, integrated or mixed forms) [11]. Thus, our data also support the
hypothesis that HPV integration ensures an essential level of expression of the viral
oncogenes instead of an elevated level of oncogene expression. The presence of breakpoints
in E6 and E7 concurrently with positive expression of these viral oncogenes could be due to
(1) another integration event not in the same oncogene, (2) additional episomal expression of
the gene, or (3) the cells with the breakpoint could still transcribe an isoform of E6 or E7
that did not violate its carcinogenic function (see Supplemental Figure S2).

Our results show striking overrepresentation of integration events in or near genes known to
be important to head and neck cancers, lung cancers, and urogenital cancers. Lung cancers
are known to have several molecular similarities to head and neck cancers [36], while genital
cancers are also dominated by an HPV-related etiology. These results suggest strong natural
selection in HPV(+) tumors for cells either with an integration event that enhances activation
of an oncogene or damages the function of a tumor suppressor gene. If true, we would
expect to see increased expression of oncogenes with an integration event in the sample with
the integration. And for tumor suppressor genes, we would expect an enrichment of
integration events in exonic regions, which would functionally knock out the protein. While
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we did find significant overall increased expression of genes with an integration, especially
in exons, this increase may be partially due to increased copy number caused by HPV-driven
amplification events. We did not reach statistical significance for whether tumor suppressor
genes were more likely to have integration in an exon. However, the study was not powered
to detect these differences. Our results are consistent with recent findings from an analysis of
10 patients who differed in tumor response after therapy, which demonstrated that almost all
HPV integration events identified in responsive tumors were detected in the intergenic
chromosome regions, whereas the majority of integrations in the recurrent tumors were
detected in cellular genes [37]. Moreover, they demonstrated that the genes disrupted by
viral integration in nonresponsive tumors were related to cancer or differentially expressed
in cancers. Our results are also consistent with those found in a recent meta-analysis of
integration in cervical cancers which demonstrates that genes targeted by HPV integration
are concentrated in transcriptionally active regions and enriched in cancer-related functional
terms and pathways [38].

Our analysis revealed that some genes harboring integration events are characterized by
carcinogenic functions in a variety of squamous cell neoplasms, and some of these genes
were also recurrent and/or were hubs in our protein interaction network. Several lines of
evidence point to the importance of CD274. PD-L1 (CD274) is one of two ligands specific
to PD-1, and members of the promising immune checkpoint pathways currently investigated
in HNSCCs [39]. PD-1 mediated T-cell signaling is characterized by altered cytotoxic
killing, cytokine production and T cell proliferation [40]. Ligands PD-L1 (CD274) or PD-L2
(CD273) are upregulated in many human tumors, including HNSCCs [40] and tumor
immune evasion can occur by high tumor expression of PD-L1 [41]. Blockade of PD-1 or
PD-L1 by specific monoclonal antibodies can reverse the anergic state of tumor-specific T
cells and thereby enhance antitumor immunity [40]. Recent clinical trials have demonstrated
significant tumor responses and improved survival with anti-PD-L1 and anti-PD-1 therapy in
advanced HNSCC, melanoma, lung, and renal cell cancers [42—44]. A recent study of
patients with cervical and vulvar SCCs [45] revealed that increased PD-L1 protein
expression was caused by co-gain or co-amplification of CD274and PDCDI1L G2 genes in a
significant portion of patients, and therefore these patients also were candidates for clinical
trials of PD-1 blockade.

Our subsequent analysis of differentially expressed genes by integration status confirmed the
importance of HPV integration for clinical outcomes. Immune-related genes were the most
highly overrepresented among the genes with significantly elevated expression in
integration-negative samples, which may explain the better survival rate for this group of
patients. Our cell-type specific signatures showed elevated expression of genes specifically
expressed in T-cells (CD4+, Regulatory, CD3+, and CD8+), NK cells, and B cells in
integration-negative tumors. High tumor infiltrates of T-cells has been associated with
improved survival [46, 47]. These immune cells and genes are important in establishing a
tumor immune response, and may be a result of these tumors being in or near a lymph node
and the immunogenicity of the non-integrated (episomal) form of HPV. Further, high
expression of PD-L1 has been associated with decreased T-cell tumor infiltration [48].
Despite the clear evidence of enrichment for immune-related genes in integration-negative
tumors, which is in agreement with better survival for this group of patients, a larger cohort
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of patients is needed to better estimate the influence of viral integration on the immune
response and patient’s survival.

The gene RAD51B (RAD51 paralog B) is essential for DNA repair by homologous
recombination. Overexpression of this gene was found to cause cell cycle G1 delay and cell
apoptosis. Therefore, disruption of RAD51B by viral integration may facilitate tumor
development. We observed recurrent integrations of HPV16 into intronic and exonic regions
of this gene in two samples, with slightly to significantly elevated expression in them.
Recurrent integrations into the RAD51B gene were also observed in the intronic regions in
three cervical tumors [31] suggesting the importance of the homologous recombination
repair pathway in multiple HPV(+) SCC types.

Among the genes identified as interaction hubs in our network analysis (7P63, ETSZ,
RUNXI1, and FOXA1), all have important roles in cancer development. £752 (ETS proto-
oncogene 2) is a tumor suppressor gene that regulates development and apoptosis and is
important in cancer-specific epigenetic networks. Over-activation of ETS2 induces hyper-
proliferation of epidermal stem cells accompanied by upregulation of SCC super-enhancer-
associated genes FOS, JUNB and KLF5[49]. TP63is a member of the p53 family of
transcription factors (p53, p63, p73), which share a high degree of homology and are
important to cell homeostasis. p63 regulates many p53 target genes and can compensate for
the loss of p53. In one study, the genomic sequence of p63 was amplified in 88% of
squamous carcinomas [50]. Also, in Zhang et al 2016, our group found that one subtype of
HPV(+) tumors (which were enriched with “keratinocyte differentiation” and included
mostly integration-positive samples) had more amplifications on all or a significant portion
of chr3q, where 7P63is located. Mutations in 7P63 were found in HNSCC, lung SCC and
cervical cancers from TCGA [16, 23, 24, 36]. Another gene affected by HPV integration in
our study, and mutated in cervical cancer and HNSCC [16], is RUNX1. RUNXI (runt
related transcription factor 1) is a known hematopoietic stem cell and leukemia factor, and is
overexpressed and essential for some human epithelial cancers: skin SCC, oral SCC, and
ovarian cancer [51].

We also found the first HPV16 integration in ERBBZ (erb-b2 receptor tyrosine kinase 2) or
HERZ2 gene, which had elevated expression in the sample with the integration compared to
other analyzed samples. ERBBZregulates cell growth, survival, and differentiation via
multiple signal transduction pathways and participates in cellular proliferation and
differentiation. ERBB2 can form heterodimers with other EGF receptor family members and
enhance kinase-mediated activation of downstream signaling pathways, such as MAPK,
PI3K-Akt, and protein kinase C (PKC) [52]. Overexpression of ERBBZ occurs in many
cancer types, and HERZ aberrations were recently identified in a subset of HNSCCs [53],
suggesting HER2 positive HNC patients could benefit from the targeted anti-HER2 therapy.
Mutations in this gene also were found in HNSCC, lung SCC and cervical cancers from
TCGA [16, 23, 24, 36].

Our survival analysis revealed that HPV/(+) patients with integration-negative tumors
(defined by absence of expression of viral-host fusion RNA transcripts) have better overall
survival compared to those with integration-positive tumors. Moreover, the survival rate for
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integration-positive patients was similar to that of HPV/(-) patients. We speculate that the
well-known better survival rate for HPV(+) patients could be attributed mostly to the better
survival of patients with integration-negative tumors, which may be related to the enhanced
immunogenicity of episomal HPV. The impact integration status had on clinical outcome is
in agreement with cervical cancer studies [13, 54]. Das and colleagues (2012) demonstrated
that cervical cancer patients with the episomal form of HPV had better disease free survival
(after radical radiotherapy) than patients with integrated HPV [54]; this study of Indian
women used the APOT assay for identification of integration sites. Also, Shin with
colleagues (2014) reported that HPV integration was a significant prognostic factor for poor
disease-free survival in patients with cervical cancer [13]. Other studies did not report
significant association of integration status with clinical outcomes, but demonstrated a trend
toward worse survival for tumors with viral integration [55, 56]. The above-mentioned
studies compared tumors with integrated or mixed viral forms versus the episomal form of
the virus. There may be inconsistencies among the studies due to different approaches in
identification of integration.

A difference between our study and those mentioned above is that we analyzed integration
events based on virus-host fusion transcripts, and stratified the samples on this basis. Thus,
integration-positive tumors all had a transcribed integration event, but also could carry
episomal forms. Integration-negative tumors in our study did not show actively expressed
virus-host fusions, but may have low level expression of integrated viral DNA. Thereby, one
of the limitations of our study is that we could not directly estimate expression levels of
integrated versus episomal forms of the virus in each tumor. We believe the gold standard for
detection of HPV integration events should be to use both WGS and RNA-seq data. WGS
alone will result in false positive cases in the sense that some patients will have a DNA
integration event that is not expressed or clinically relevant. RNA-seq alone will likely result
in false negative cases where an integration event is expressed but without transcription of
any of the surrounding host genomic sequence. How common these false positives and false
negatives are is unknown. Therefore, the relative performance of RNA-seq versus WGS for
integration detection is not yet known. In this study, we chose to use RNA-seq, due to the
lower cost, the ability to confirm expression of the integrated form, and to contrast with the
previous experiments performed with DNA sequencing.

The treatment of oropharyngeal cancer is actively evolving to better reflect a recent
appreciation of differences in epidemiology, marked by increased incidence and survivorship
associated with HPV-related HNSCC. Biomarkers useful in personalizing therapy for
patients with oropharyngeal cancer are urgently needed, particularly with the introduction of
new immunotherapeutic strategies. The current findings suggest that HPV viral integration
status is an important and potentially useful clinical biomarker that will need confirmation in
larger, prospective validation studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Implications

These findings demonstrate the clinical relevancy of expressed HPV-integration, which is
characterized by a change in immune response and/or aberrant expression of the
integration-harboring cancer-related genes, and suggest strong natural selection for tumor
cells with expressed integration events in key carcinogenic genes.
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Figure 1. Identified HPV integration sitesin the human genome

- 21

20

Viral-host fusional breakpoints found in HPV-positive head and neck cancer samples from
TCGA (42 out of 66 samples are integration-positive) and University of Michigan (UM; 9
out of 18 samples are integration-positive). The integration sites are broadly distributed
across the genome and are annotated within or near 89 unique human genes. CFSs =

common fragile sites.
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Figure 2. Assessment of HPV-host fusional breakpointsin fragile and repetitive regions of the
human genome

A. Number of breakpoints in common fragile sites (CFS), rare fragile sites (RFS) and non-
fragile regions (NFR), compared to what is expected by chance. HPV is not more prone to
integrate into fragile sites in the human genome in HNSCC tumors. B. Number of
breakpoints in repetitive regions compared to what is expected by chance. Several repetitive
element types (LINE, DNA, LTR and all repeats combined) are determined to be
significantly enriched for HPV integrations (Chi-squared test p-values with FDR adjustment
= 7.42E-05, 0.015, 8.40E-07, and 4.41E-10 correspondingly). (See also Supplemental Table
S6 for a further breakdown by repeat family).
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Figure 3. Genes associated with a detected integration are enriched with HNSCC, urogenital and
lung neoplasm related genes, and are often up-regulated

A. Protein interaction network constructed from the 89 human genes associated with
integration event(s); displayed is the highly-connected subnetwork consisting of the 65 (of
the 89) host genes that had direct interactions. Genes ETS, TP63, RUNX1, HNF3, KLF5
and CTGF are hubs, indicated with green rectangles, in this network. A legend for the
shapes used for the nodes is provided in MetaCore Quick Refernce Guide https://
ftp.genego.com/files/MC_legend.pdf. B. Genes in the network are statistically enriched for
relevant human diseases. The —logq(p-values) for enrichment were calculated using
MetaCore GeneGO with the hypergeometric distribution. The enrichment was tested for the
89 genes and shows the unadjusted significance levels of enrichment. C. \enn diagram of
the genes harboring virus-host fusional breakpoints (HNSCC integration) with genes having
mutations for: head and neck SCC (HNSCC mut)[16], lung SCC (Lung SCC mut) [36], and
cervical SCC and endocervical adenocarcinoma (Cervical mut) (TCGA, Provisional [23,
24]). Gene symbols in bold were significantly up-regulated in the samples where integration
occurred compared to all other samples. No genes were significantly down-regulated. D.
Distribution of human gene expression levels categorized by the genic or intergenic region
where the integration occurred (exons, introns, upstream of the TSS, or downstream of the
TES). The left box for each region represents expression in the samples where the
integrations occurred (“integr”); the right boxes represent the average expression of the same
genes in all other integration-positive samples (“other”). *** Significant difference (paired t-
test p-value = 1.60E-09) in expression when insertional breakpoints occur in a gene exons,
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** p-value <0.01 and * p-value <0.05. E. The bars represent the number of genes harboring
the insertional breakpoints in each type of region (exons, introns, upstream of TSS, or
downstream of the TES). Dark blue bars represent number of genes harboring the insertional
breakpoints with significantly elevated expression in samples with integration. Numbers
above the bars represent the two-sided Fisher’s Exact Test p-values (unadjusted) calculated
from testing whether there are more or fewer samples with elevated expression of the gene
harboring the integration (in sample with integration) than expected by chance. Integrations
into exons of the genes tend to result in upregulation of these genes in the samples with the
integration. Conversely, introns and upstream regions have a trend toward fewer than
expected by chance.
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Figure 4. Association of HPV integration eventswith survival and immune response
A. Overall survival for TCGA patients with HPV(+) tumors by integration status and

HPV(-) patients; p-value was calculated using a univariate Kaplan—Meier log-rank test. B.
Gene Ontology terms for genes differentially expressed by HPV integration status. Shown
are the top 10 enriched gene sets by integration status after filtering out functional
redundancies in the list of gene sets. Genes with elevated expression in integration-negative
samples were most strongly enriched for immune related terms; up-regulated genes in
integration-positive tumors were enriched for cell-cell adhesion terms related to RNA
metabolism and keratinization. C. HPV gene expression (the log,(E6E7/E1E?) ratio) and
immune cell type specific signatures of analyzed HNSCC tumors. Waterfall plot of E6E7/
E1E2 ratio values demonstrate properties of samples whose integration-status was
reclassified using RNA-seq versus WGS data (in blue and yellow). The lower panel shows
cell type specific expression signatures (only cell types significantly discriminating
integration-positive and integration-negative tumors are shown). Samples that were defined
as integration-positive from WGS by TCGA and reclassified as integration-negative from
RNA-seq (light blue in waterfall plot) are closer to other integration-negative tumors (green)
by their EGE7/E1E2 ratio and by expression of cell type specific signatures. These patients
(with ID TCGA-CN-5374, TCGA-CR-7404, TCGA-CR-5243, and TCGA-6482) have
survival status alive with follow-up of 9.5, 48.4, 84.2, and 11.3 months respectively. The
sample defined as integration-negative from WGS by TCGA and reclassified as integration-
positive from RNA-seq (yellow in waterfall plot) has characteristics closer to other
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integration-positive samples by its EGE7/E1E2 ratio and cell type signatures. This patient
(TCGA-HD-7832) did not have any follow-up.
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Geneswith recurrent integrationsin HNSCC tumors

Page 27

The integration events occurred either within or near the gene, as detailed in Supplemental Table S1.

Genomic
distances
between viral
integrantsin

Sample IDs Genelcytoband | Summary two samples
TCGA-CV-5443 - Larynx CcD274 CD274 molecule gene encodes an immune inhibitory receptor ligand 15Kb
TCGA-T2-A6X0 - chr9p24.1 that is expressed by T cells, B cells and various types of tumor cells.
Oropharynx Interaction of this ligand with its receptor inhibits T-cell activation and

cytokine production. In tumor microenvironments, this interaction

provides an immune escape for tumor cells through cytotoxic T-cell

inactivation.
TCGA-CN-A49C - FLJ37453 Uncharacterized LOC729614 is an RNA gene, and is affiliated with the 25Kb
Oropharynx chrip36.21 ncRNA class.
TCGA-KU-ABHT -
Oropharynx
TCGA-CR-7369 - Oral KLF12 Kruppel-like factor 12 - Developmentally-regulated transcription factor 440 Kb
Cavity chr13g22.1 and important regulator of gene expression during vertebrate
UM-P17 - Oral Cavity development and carcinogenesis
TCGA-BA-4077 - RAD51B RAD51 paralog B - member of the RAD51 protein family which is 280 Kb
Oropharynx chrl4g24.1 essential for DNA repair by homologous recombination.
TCGA-CN-ABV7 - Overexpression of this gene was found to cause cell cycle G1 delay
Oropharynx and cell apoptosis, which suggested a role of this protein in sensing

DNA damage.
TCGA-BA-A4IG - T7C6 Tetratricopeptide repeat domain 6 is a protein coding gene. 28 Kb
Oropharynx chrl4g21.1
TCGA-MZ-AG6I9 -
Oropharynx
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