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Introduction
HPV is an etiological factor for human tumors in multiple squamous tissue sites. Cervical squamous cell 
carcinoma (CESCC) is the most prevalent HPV-related tumor among woman, but incidence of  HPV-re-
lated oropharyngeal squamous cell carcinoma (OPSCC) has increased in recent decades and is now 
the most prevalent HPV-related cancer in the United States (1, 2). HPV+ head and neck squamous cell 
carcinoma (HNSCC) is considered a separate oncological entity from its HPV– counterpart that is largely 
tobacco driven. Its distinct etiology results in unique clinical characteristics, including affecting younger 
nonsmokers (3). The most remarkable clinical difference is a higher rate of  response to radiation-based 
treatment among HPV+ HNSCCs (4, 5). Nearly all OPSCC patients present with locally advanced dis-
ease and are treated with a combination of  chemotherapy and radiotherapy. While response and survival 
rates are very high, the symptom burden after treatment with these modalities can be significant and per-
manent and can include diminished swallowing function, xerostomia, altered appearance, and trismus 
(6). Therefore, there has been an emphasis on reducing radiation exposure for low-risk patients without 
impairing survival outcomes. However, given that current therapy fails in 15% of  HPV+ OPSCCs with 

Incidence of HPV+ oropharyngeal squamous cell carcinoma (OPSCC) has been increasing 
dramatically. Although long-term survival rates for these patients are high, they often suffer 
from permanent radiotherapy-related morbidity. This has prompted the development of de-
escalation clinical protocols to reduce morbidity. However, a subset of patients do not respond 
even to standard therapy and have poor outcomes. It is unclear how to properly identify and treat 
the high- and low-risk HPV+ OPSCC patients. Since HPV positivity drives radiotherapy sensitivity, 
we hypothesized that variations in HPV biology may cause differences in treatment response and 
outcome. By analyzing gene expression data, we identified variations in HPV-related molecules 
among HPV+ OPSCC. A subset of tumors presented a molecular profile distinct from that of typical 
HPV+ tumors and exhibited poor treatment response, indicating molecular and clinical similarities 
with HPV– tumors. These molecular changes were also observed in vitro and correlated with 
radiation sensitivity. Finally, we developed a prognostic biomarker signature for identification 
of this subgroup of HPV+ OPSCC and validated it in independent cohorts of oropharyngeal and 
cervical carcinomas. These findings could translate to improved patient stratification for treatment 
deintensification and new therapeutic approaches for treatment-resistant HPV-related cancer.
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locoregional recurrence or distant metastatic disease, treatment deintensification is not appropriate for 
all patients (7). Clinical predictors of  outcome are crude and include tumor stage and smoking history. 
Currently, there is an unmet need for reliable clinical tools or biomarkers for risk stratification in HPV+ 
OPSCC that could be used to improve patient outcomes.

Although extensive research efforts have addressed the molecular mechanisms involved in HPV-me-
diated carcinogenesis (8), little is known about the role of  HPV in modulating tumor clinical parameters, 
such as progression and treatment response. Cancer-related HPV gene expression and mechanistic stud-
ies have focused mainly on the E6 and E7 oncogenes. However, the HPV genome contains significant 
complexity in other genes, which may provide important biological information for understanding clinical 
variations among HPV-mediated tumors (9–11). In this study, our objective was to explore the association 
between HPV function and molecular and clinical phenotypes. We hypothesized that changes in HPV func-
tion would have an important role in tumor progression and response to treatment. As a measure of  HPV 
function, we identified human genes correlated with HPV gene expression.

In this study, we determined that expression of  HPV-correlated tumor genes characterized groups of  
patients with distinct tumor biology and clinical outcome. Dysfunctional HPV activity was associated with 
worse survival in patients and with lower sensitivity to radiation in vitro. These genes also showed prom-
ising prognostic power and were successfully validated in independent cohorts of  HPV+ squamous cell 
carcinomas from oropharynx and cervix.

Results
A measure of  HPV function stratifies OPSCC tumors into groups with distinct HPV biology and survival. Our first 
goal was to develop a measure of  HPV function from tumor RNA expression data. To accomplish, this we 
considered HPV status as a continuous variable based on total expression level of  HPV RNA and identified 
human genes correlated with the range of  viral expression. We performed Pearson correlation analysis (r ≤ 
–0.6 or ≥ 0.6; adjusted P < 0.05) in all 80 OPSCC tumor tissues from The Cancer Genome Atlas (TCGA) 
(12) and identified 582 HPV-correlated human transcripts (Supplemental Table 1; supplemental material 
available online with this article; https://doi.org/10.1172/jci.insight.124762DS1) that were also highly dif-
ferentially expressed between HPV+ and HPV– OPSCC cases (Supplemental Table 1 and Supplemental Fig-
ure 1). Ingenuity Pathway Analysis (IPA) indicated that positively correlated genes (those with expression 
levels that vary but follow the same trend as the expression levels of  HPV genes) enriched cellular functions 
and canonical pathways, which are highly associated with the HPV functions, including cell proliferation 
and survival and DNA replication and repair (Supplemental Tables 2 and 3). Negatively correlated genes 
were associated with cell movement, survival, and cell-to-cell signaling (Supplemental Tables 4 and 5).

The expression pattern of  these 582 HPV-correlated genes, evaluated by hierarchical clustering, 
revealed 3 distinct sample clusters, which we termed OPSCC C1, OPSCC C2, and OPSCC C3 (Figure 
1A). OPSCC C1 and C2 comprised primarily HPV+ cases, and OPSCC C3 comprised exclusively HPV– 
cases. OPSCC C2 and OPSCC C3 groups showed clearly distinct expression profiles, while differences in 
expression between OPSCC C1 and the other groups were less dramatic, suggesting an intermediate gene 
expression state. Analysis of  the relative expression levels of  these genes in OPSCC C1 compared with the 
other 2 groups found that 50% of  the genes had similar expression to that of  OPSCC C2 (Figure 1B). How-
ever, 44% of  the genes showed expression levels between those of  OPSCC C2 and OPSCC C3. Differences 
among these groups were further confirmed by principal component analysis (PCA) (Figure 1C).

We next tested whether there was any difference in survival between these groups. As expected, since 
OPSCC C3 comprised HPV– cases, it had the lowest 5-year overall survival (OS) rate of the 3 clusters (13). How-
ever, a significant difference in 5-year OS was also observed between the OPSCC C1 and C2 clusters (P < 0.001, 
Figure 1D). This difference was observed even after removing the 2 HPV– cases from OPSCC C1 (P < 0.001).

To further explore the differences between OPSCC C1 and OPSCC C2, we investigated if  there were 
HPV-correlated genes differentially expressed specifically between these groups, while excluding the HPV– 
cases; this analysis identified 38 HPV-correlated genes with highly differential expression (FDR < 0.05 and 
log2 fold change > 1.0) (Supplemental Table 6). Hierarchical clustering demonstrated a clear differential 
expression of  these genes between 2 clusters that we named HPV+ C1 and HPV+ C2 (Figure 1E). Groups 
formed by this set of  genes were nearly identical to those defined by the 582 genes (i.e., HPV+ C1 is similar 
to OPSCC C1 and HPV+ C2 is similar to OPSCC C2 group) and exhibited a similarly significant differ-
ence in survival (P < 0.001; Figure 1F). PCA (Figure 1G) and relative gene expression based on these 38 
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Figure 1. Expression of HPV-correlated human tumor genes among OPSCC samples. (A) Expression of 582 HPV-correlated genes (vertical axis) among 80 
OPSCC patients (horizontal axis) from TCGA. Three groups with distinct gene expression were identified: OPSCC C1 (n = 20, 2 HPV– and 18 HPV+), C2 (n = 34, 
all HPV+), and C3 (n = 26, all HPV–). (B) Expression of 582 HPV-correlated genes in OPSCC C1 (n = 20) group relative to OPSCC C2 (n = 34) and to OPSCC C3 
(n = 26) groups. Vertical axis represents the product of fold change (log2) between OPSCC C1 and OPSCC C3 and between OPSCC C2 and C3. Values close to 
0 (–0.2 to 0.2, blue) indicate OPSCC C1 gene expression similar to OPSCC C3 mean. Values close to 1 (0.8 to 1.2, orange) indicate OPSCC C1 gene expression 
similar to OPSCC C2 mean. Gene expression in OPSCC C1 group was similar to OPSCC C2 in 50% of cases (n = 291) and was intermediate between OPSCC 
C2 and C3 in 44% (n = 256) of cases. (C) PCA confirmed the different expression profiles among the groups of OPSCC (n = 80). (D) Survival curves indicate 
that the OPSCC C1 (7 deaths) and OPSCC C3 (13 deaths) groups had significantly lower survival rates in the 5-year follow-up period compared with OPSCC 
C2 group (2 deaths). (E) Expression of 38 HPV-correlated genes (differentially expressed between OPSCC C1 and OPSCC C2) (vertical axis) among TCGA 
patients with HPV+ OPSCC (n = 52) shows 2 groups of patients, HPV+ C1 (n = 19) and HPV+ C2 (n = 33). (F) Survival curves show that the HPV+ C1 group had 
a significantly lower 5-year survival rate than the HPV+ C2 group (log-rank test). (G) PCA based on expression levels of 38 HPV-correlated genes indicates 
HPV+ C1 (n = 19) samples have an intermediate expression profile between HPV– (n = 28) and HPV+ C2 (n = 33) samples. (H) Expression of 38 HPV-correlated 
genes in HPV+ C1 (n = 19) group relative to HPV+ C2 (n = 33) and HPV– (n = 19) groups. Vertical axis represents the product of fold change (log2) between HPV+ 
C1 and HPV– and between HPV+ C2 and HPV–. Values close to 0 (–0.2 to 0.2, blue), indicate HPV+ C1 gene expression similar to HPV– cases. Values close to 
1 (0.8 to 1.2, orange), indicate HPV+ C1 gene expression similar to HPV+ C2 mean. Expression levels of 97% (n = 37) of these genes in HPV+ C1 group were 
intermediate between HPV+ C2 and HPV– groups.
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HPV-correlated genes (Figure 1H) showed that the group with worse survival (HPV+ C1) presented an 
intermediate gene expression profile between HPV– and HPV+ tumors with better survival (HPV+ C2). 
These results indicate HPV+ C1 tumors present a distinct, and intermediate, expression pattern of  genes 
potentially modulated by HPV function.

Deregulation of  HPV-regulated pathways between groups. We further explored this distinct gene expression 
of  HPV+ C1 tumors by testing whether the global gene expression profile of  HPV+ C1 and HPV+ C2 groups 
was different from that of  HPV– OPSCC TCGA tumors. HPV+ C1 tumors were significantly (P < 0.0001) 
less distinct from HPV– tumors (21.3% of  the transcriptome was differentially expressed, FDR < 0.05; 
Figure 2A) than HPV+ C2 tumors (42.5% of  the transcriptome was differentially expressed, FDR < 0.05; 
Figure 2B). In addition, considering the differentially expressed genes between HPV– and all HPV+ cases 
together (including HPV+ C1 and C2 as a unique group), the fold-change differences between HPV– and 
HPV+ C1 cases tended to be smaller than those between HPV– and HPV+ C2 cases (Figure 2C). Only 45.6% 
(n = 3496) of  the differences in expression between HPV– and all HPV+ cases were also significant when 
considering HPV+ C1 cases only, while 88.5% (n = 6792) were significantly differentially expressed when 
considering the HPV+ C2 group (Supplemental Table 7). These results indicate that the HPV+ C1 group 
was less distinct from HPV– cases than the HPV+ C2 group.

We then investigated whether genes known to be directly linked to HPV biology were differentially 
expressed between these groups. The expression of  319 genes associated with HPV biology in the KEGG 
pathway database (14) was analyzed among all OPSCC samples by PCA analysis. We found that HPV–, 
HPV+ C1, and HPV+ C2 samples showed distinct expression profiles among HPV-related genes (Figure 
2D). Compared with HPV– cases, about 52% (n = 166) of  these genes were differentially expressed in 
HPV+ C2 tumors, while only 29.5% (n = 94) were differentially expressed in HPV+ C1 cases, a significant 
difference (P < 0.001; Supplemental Table 8 and Figure 2E). Beyond that, among the 89 HPV KEGG genes 
differentially expressed between HPV+ C1 and HPV+ C2 tumors, 61 (69%) showed similar or not statisti-
cally different expression levels between HPV+ C1 and HPV– cases (Figure 2F), including protein targets of  
HPV E7 (RBL1 and RBL2), E6 (E6AP, EP300, and CREBBP), and E5 (BCAP31 and ATP6V0A2), suggesting 
differences in HPV protein functions between HPV+ C1 and HPV+ C2 groups.

We further explored differences between HPV+ C1 and C2 groups by pathway analysis of  the genes 
differentially expressed between these groups (Supplemental Table 9 and Supplemental Figure 2). By 
setting a cutoff  point of  FDR < 0.01, 3368 differentially expressed genes were analyzed through IPA. 
The most significantly enriched pathways were involved in RNA and protein metabolism, DNA replica-
tion and damage repair, cell proliferation, cell metabolism, and cell signaling (Supplemental Tables 10 
and 11). Many of  the enriched molecular functions are related to important mechanisms modulated by 
HPV (Supplemental Table 11). We also assessed all 5482 differentially expressed genes (FDR < 0.05) by 
gene set enrichment analysis (GSEA) (15, 16), which confirmed the enrichment of  HPV biology–related 
pathways (Supplemental Tables 12 and 13). Together, these findings support the hypothesis that a subset 
of  HPV+ OPSCC (HPV+ C1) have altered HPV function that manifests as clinical behavior and gene 
expression that is similar to that of  HPV– OPSCC.

Figure 2. Human transcriptome differences between HPV+ C1 and HPV+ C2 groups. Volcano plot showing log2 fold-change (horizontal axis) and –log10FDR 
(vertical axis) values from the whole transcriptome analysis between HPV– (n = 28) and HPV+ C1 (n = 19) OPSCC (A) and between HPV– (n = 28) and HPV+ 
C2 (n = 33) OPSCC groups (B). Genes were considered differentially expressed at a significance level of 0.05 (n = 4366 in A and n = 8724 in B). Green dots 
represent differentially expressed genes with lower expression in HPV– cases than in HPV+ C1 cases (n = 2537 in A and n = 5268 in B). Purple dots represent 
differentially expressed genes with higher expression in HPV– cases than in HPV+ C1 cases (n = 1829 in A and n = 3456 in B). Black dots represent genes 
whose expression was not significantly different between groups. (C) 7760 differentially expressed genes between HPV+ (n = 52) and HPV– (n = 28) OPSCC 
cases and their corresponding log2 fold-change values when their expression was compared between HPV– (n = 28) and HPV+ C1 cases (n = 19) (vertical axis) 
and between HPV– (n = 28) and HPV+ C2 cases (n = 33) (horizontal axis). The red line represents the best-fit calculated by linear regression. The black line 
represents the 45° line. The line of best-fit slope was lower than 1 (0.72 ± 0.004), indicating greater log2 fold-change values in the horizontal axis (HPV– vs. 
HPV+ C2) than in the vertical axis (HPV– vs. HPV+ C1). This suggests that differences in expression levels of HPV-related genes were smaller between HPV+ 
C1 and HPV– cases than between HPV+ C2 and HPV– cases. (D) PCA using expression of 319 genes from the HPV-KEGG pathway database among all 80 
TCGA OPSCC cases. All 3 groups (HPV+C1, n = 19; HPV+C2, n = 33; HPV–, n = 28) showed distinct expression profiles of HPV-related genes. (E) Venn diagram 
representing HPV-KEGG pathway genes differentially expressed between HPV+ C1 (n = 19) and HPV– cases (n = 28) and between HPV+ C2 (n = 33) and HPV– 
(n = 28) cases. A greater number of HPV-related genes was differentially expressed between HPV+ C2 and HPV– cases. This suggests that the HPV+ C1 group 
exhibited expression of some HPV-related genes similar to that in HPV– cases. (F) Mean expression of 61 HPV-KEGG pathway genes among HPV+ C1 (n = 
19), HPV+ C2 (n = 33), and HPV– (n = 28) cases. These 61 genes were differentially expressed between HPV+ C1 and HPV+ C2 but not between HPV+ C1 and 
HPV– cases, suggesting that HPV+C1 cases lost part of their HPV characteristics.
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HPV gene expression levels are different among tumor groups. Since our findings suggest a differential func-
tion of  HPV between HPV+ C1 and C2 groups, we examined differences in expression of  HPV genes. We 
used TCGA HPV16+ cases only, since HPV16 was the most prevalent HPV type (Supplemental Table 14), 
and direct comparison across different HPV types is challenging because of  issues with proper alignment of  
alternatively spliced transcripts. No difference in total HPV gene expression level or HPV integration status 
was observed between groups (Supplemental Table 14). Given the complex gene splicing and overlapping 
gene structure of  the HPV genome, 3 analytic approaches were employed to examine differences at the 
nucleotide, gene, and splicing variants levels.

First, expression levels of individual nucleotides were assessed by calculating the mean expression values in 
the HPV+ C1 and C2 groups (Figure 3A). The expression levels between the E1 and E2 exons were lower among 
HPV+ C1, specially between nucleotides 925 and 1161, 1340 and 1368, and 1743 and 2130 (FDR < 0.1).

HPV expression was also measured based on the number of  transcripts aligned to each known HPV16 
gene irrespective of  its isoforms (Supplemental Table 15). Transcription of  the E5, E6, and E7 genes was sim-
ilar between groups (Figure 3, B–D), and only E1 expression was significantly lower within HPV+ C1 patients 
when compared with the HPV+ C2 group (P = 0.036, FDR = 0.290; Figure 3E). Expression of  E2, E4, E5, 
L1, and L2 trended lower among HPV+ C1 samples, but the differences were not statistically significant.

We evaluated the expression levels of  splicing isoforms by measuring reads crossing splicing junctions 
(Supplemental Table 15). We observed a strong difference in E1^E4 isoform expression, which was signifi-
cantly higher among HPV+ C2 samples (Figure 3F). Since HPV16 E1^E4 shares nt 3358 with the E2^E8 
isoform, we also evaluated the expression of  its splicing junction. No expression of  E2^E8 was observed. 
Expression across splice junctions within the E1 gene (nt 880:881 and 1302:1303) was lower in OPSCC C1 
as well (Figure 3G), but the magnitude of  expression difference was not as strong as for the E1^E4 splicing 
junction. E1^E4 expression level was not associated with HPV integration status (P = 0.129).

These results indicate significant changes in HPV transcription profile between the groups of  tumors 
with distinct outcomes. Differences were not related to E6, E7, or E5 HPV oncogenes but were charac-
terized by lower expression of  E1 and E2 genomic regions. The most striking distinction was the lower 
expression of  E1^E4 splicing isoform, suggesting it may have a role in the different molecular and clinical 
phenotypes observed between these groups.

HPV E1^E4 expression associates with altered HPV function and radiation sensitivity in vitro. In order to test 
whether lower transcription of  E1^E4 is associated with the phenotypic and molecular changes observed 
in HPV+ C1, we assessed its expression among HPV-infected cell lines. Among 10 HPV16+ cell lines from 
head and neck and cervical sites (17), E1^E4 expression was detected in 6 lines while 4 showed no expres-
sion. Expression was determined by RNA sequencing (RNASeq) and confirmed by quantitative PCR 
(qPCR), and we found a high correlation between these detection methods (Supplemental Figure 3).

To test whether the phenotypic differences observed in tumor samples were associated with E1^E4 in 
vitro, we used cell line radiation sensitivity as a surrogate marker of  outcome. Radiotherapy response is the 
main determinant of  curability among patients with HPV+ OPSCC, and it is probable that HPV+ C1 patients 
presented a worse prognosis due to increased radiation resistance. To test whether E1^E4 expression is asso-
ciated with cell response to ionizing radiation, we irradiated 6 HPV16+ cell lines with a 2-Gy dose (4 other 
HPV16+ lines do not readily form colonies in this assay). By correlating the cell line surviving fraction (SF2) 
(18) with their E1^E4 expression, we observed a significant inverse correlation between these two parameters 
(Pearson r = –0.88, P = 0.007; Figure 4A). We also evaluated the correlation of  the expression of  the entire 
E4 ORF with SF2 values and obtained similar results (Pearson r = –0.85, P = 0.014). These findings indicate 
that decreased E1^E4 and E4 expression is associated with resistance to ionizing radiation and corroborates 
the hypothesis that lower E1^E4 expression is associated with worse outcome in patients.

We then used E1^E4 expression levels as a surrogate marker of  cell line aggressiveness and evaluated 
whether lines with no E1^E4 expression have similar molecular characteristics to HPV+ C1 tumors. First, 
we evaluated differences in expression of  HPV KEGG pathway genes between E1^E4+ and E1^E4– cell 
lines (Supplemental Table 8). For many of  these genes the expression level in E1^E4– lines was similar 
to that in HPV– squamous cell carcinoma lines (Supplemental Table 16), indicating a disruption of  HPV 
function among E1^E4– cell lines. Some genes, such as RBL2 and UBE3A (Figure 4B), direct targets of  
E6 and E7, were downregulated in E1^E4– lines, as also observed among HPV+ C1 tumors. These results 
suggests that loss or decrease in E1^E4 expression is associated with distinct HPV molecular character-
istics in tumors and in cell lines.
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To further confirm that HPV molecular characteristics are altered in E1^E4– cell lines as well as in HPV+ C1 
tumors, we analyzed RNASeq data from another 62 HPV– cell lines (60 HNSCC and 2 CESCC) and 7 cell lines 
(1 HNSCC and 6 CESCC) positive for HPV types other than HPV16 from our panel (Supplemental Table 16). 
These additional cell lines were used to determine transcriptome differences between HPV– and HPV+ cells in 
vitro (Supplemental Table 17). Among the 925 differentially expressed genes between HPV+ and HPV– cell lines, 
73.4% (n = 679) were also differentially expressed between E1^E4+ and HPV– cases, but only 43.1% (n = 399) 
were differentially expressed between E1^E4– and HPV– cell lines (Supplemental Table 17 and Figure 4C). The 
number of differentially expressed genes between the E1^E4– and HPV– cell lines was significantly lower (P < 
0.0001) when compared with the number of differentially expressed genes between E1^E4+ and HPV– cell lines. 
This is similar to the relationship observed between HPV+ C1, C2, and HPV– tumors.

Next, we identified the genes differentially expressed between E1^E4+ and E1^E4– cell lines (n = 1708; 
considering P < 0.05 and FDR < 0.83; uncorrected P value was used in this analysis because of  the small 
number of  samples in each group) (Supplemental Table 18) and performed IPA (Supplemental Table 19). 
Among the 36 enriched canonical pathways, 19 were also found to be enriched between HPV+ C1 and C2 
(Table 1). Molecular functions related to gene expression, cell death, DNA repair, cell cycle, and protein syn-
thesis were also enriched by genes differentially expressed between cell lines with different E1^E4 expression 

Figure 3. HPV transcriptome differences between HPV+ C1 and HPV+ C2 groups. (A) Heatmap representing the mean 
expression levels of each HPV16 nucleotide (horizontal axis) among the HPV+ C1 (n = 19) and HPV+ C2 (n = 33) groups. 
Dark blue indicates the –log10 FDR (right vertical axis) determined by comparing differences in expression between the 2 
groups. Expression levels of E5 (P > 0.05) (B), E6 (P > 0.05) (C), E7 (P > 0.05) (D), and E1 (*P = 0.03, FDR = 0.29) (E) HPV16 
exons in HPV+ C1 (n = 19) and HPV+ C2 (n = 33) groups. Expression of E1 (nt1302:1303) (*P = 0.02, FDR = 0.09) (F) and E1^E4 
(nt880:3358) (*P < 0.001, FDR = 0.006) (G) splicing junctions was significantly lower among HPV+ C1 (n = 19) cases.
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status. These results indicate that gene expression differences in cell lines with distinct E1^E4 expression 
resemble the gene expression differences observed among HPV+ C1 and C2 OPSCC tumors and support our 
hypothesis that E1^E4 expression is associated with the molecular differences among tumor samples.

We also tested whether molecular differences between cell line groups are also evident at the protein level, as 
detected by reverse-phase protein array (RPPA) (17) (Supplemental Table 20 and Figure 4D). E1^E4+ cell lines 
exhibited activation of the PIK3/AKT pathway, as indicated by elevated levels of heregulin, Jagged-1, PDK1, 

Figure 4. Molecular phenotypic characteristics of HPV16+ squamous cell carcinoma cell lines. (A) Pearson’s correlation 
analysis between radioresistance (SF2) (horizontal axis) and expression of E1^E4 splicing junction (vertical axis) among 
6 cell lines indicates a significant inverse correlation. Cell lines with higher radioresistance (higher SF2 values) tended 
to express lower levels of E1^E4 splicing junction transcripts. (B) Mean expression levels of 10 HPV-KEGG genes among 
E1^E4+ (n = 6), E1^E4– (n = 4), and HPV– (n = 62) cell lines. These genes were differentially expressed between E1^E4– 
and E1^E4+ HPV16+ cell lines and between HPV+ C1 (n = 19) and HPC+ C2 (n = 33) tumors and showed similar expression 
between E1^E4– and HPV– cells and between HPV+ C1 and HPV– (n = 28) tumors. This suggests altered HPV function among 
E1^E4– cells and HPV+ C1 tumors. (C) Venn diagram representing the numbers of differentially expressed genes (DEG) 
between HPV+ (n = 17) and HPV– (n = 62) cell lines (n = 925) that were also differentially expressed between E1^E4– (n = 4) 
and HPV– cell lines (n = 399 genes) and between E1^E4+ (n = 6) and HPV– cell lines (n = 679 genes). E1^E4+ cell lines showed 
a significantly (P < 0.0001, 2-tailed Fisher’s exact test) higher number of differentially expressed genes than E1^E4– cell 
lines. (D) Expression profile of the most differentially expressed (DE) proteins (P ≤ 0.1) (n = 26) (vertical axis) among HPV+ 
cell lines (n = 10) (horizontal axis) with distinct E1^E4 expression status (E1^E4+, n = 6; E1^E4–, n = 4).
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PLK1, and phosphorylated AKT (T308 and S473). This was further indicated by upregulation of FoxM1 and 
cyclin B1 and downregulation GSK3a/b, TSC1, Smad3, and Rock-1 relative to E1^E4– cell lines. Addition-
ally, metabolism-related proteins hexokinase II and connexin 43 were upregulated in E1^E4+ cell lines, while 
glutamate dehydrogenase and MCT4 were downregulated. E1^E4+ cell lines also showed downregulation of  
inhibitors of autophagy (WIPI2, ULK1) and apoptosis (IAP2, BCL-XL, STAT5a). These results indicate a 
decrease in PI3K/AKT activity and activation of glutamine metabolism and resistance to autophagy and apop-
tosis among E1^E4– cell lines. These changes in protein levels support the transcriptome findings (Table 1) and 
indicate dysfunctional HPV activity at the protein level in cell lines with no E1^E4 expression.

These in vitro findings indicate that HPV and tumor gene expression changes are directly associated and 
suggest that E1^E4 may have a functional role. E1^E4– cell lines were more resistant to ionizing radiation and 
exhibited changes in HPV-mediated functions, such as metabolic, autophagy, and antiapoptotic pathways. 
Importantly, molecular and phenotypic findings in HPV+ cell lines confirm those observed in clinical samples.

Biomarker evaluation and validation. Considering the strong association between gene expression and 
phenotypic changes in HPV+ tumors and cell lines, we sought to determine the value of  the 38 HPV-cor-
related genes as a prognostic biomarker.

First, we evaluated whether differences in survival between HPV+ C1 and HPV+ C2 groups could be 
influenced by other clinical or biological factors. Analysis for differences in clinical features (Supplemental 
Table 21), mutation patterns (Supplemental Figure 4), and HPV infection characteristics (Supplemental 
Table 14) between HPV+ C1 and C2 identified a higher number of  nonsmokers in the HPV+ C2 group as 
well as a lower number of  packs smoked per year. However, neither amount of  smoking (Figure 5A) nor 
specific HPV+ OPSCC risk score or clinical stage (performed retrospectively with AJCC 8th ed.) (13, 19) 
(Figure 5, B and C) was significantly associated with survival, despite of  a trend toward lower survival 
among heavy smokers and advanced clinical stages. Patient categorization by expression profile showed 
higher prognostic power than any of  these clinical variables. These other factors were also assessed through 
multivariate analysis, which indicated that the gene expression signature was significantly associated with 
survival (P < 0.01), even after adjusting for other clinical variables (Supplemental Table 22).

The prognostic potential of the 38–gene set was then tested in an independent validation cohort of HPV16+ 
OPSCC (Johns Hopkins University [JHU] cohort) (20). Two groups of patients with distinct patterns of gene 
expression were observed (Figure 5D), which we identified as OPSCC Val. C1 and Val. C2. The 5-year OS rate 
was significantly different between OPSCC Val. C1 and Val. C2 (Figure 5E). The number of patients categorized 
in the group with poorer prognosis (OPSCC Val. C1) was significantly smaller than in the TCGA cohort (35.5% 
in the TCGA cohort and 12.8% in the JHU cohort, P = 0.010). However, the JHU cohort also presented a sig-
nificantly smaller number of patients with stage III OPSCC (P = 0.041), which may explain the low number of  
patients in the OPSCC Val. C1 group (Supplemental Table 21). Influence of other clinical and biological factors 
was also verified in this validation cohort by multivariate analysis, and the gene expression signature was sig-
nificantly associated with survival (P < 0.001), even after adjusting for other variables (Supplemental Table 22).

A second validation cohort composed of HPV16+ CESCC (21) was used to test whether this signature was 
associated with survival independently of tumor site. Expression of signature genes indicated two distinct tumor 
groups in this cohort as well (Figure 5F), which exhibited significantly different survival rates (Figure 5G).

To test the similarity in gene expression pattern among the cohorts, we calculated the expression differ-
ence (log2 fold change) for each of  the 38 genes between the poorer (C1) and the better (C2) prognosis groups 
from each cohort. The direction of  expression of  36 genes was the same in the poorer prognosis groups in 
all cohorts (Figure 5H) (Supplemental Table 23), confirming that this gene expression signature is consistent 
across the cohorts and indeed is associated with a poorer prognosis phenotype in HPV+ squamous cell car-
cinomas. A similar result was found for the full set of  582 HPV-correlated genes (Supplemental Figure 5).

We also tested this molecular prognostic signature among patients primarily treated by chemo-
radiation in the JHU cohort (n = 16) (Figure 5I). Patients classified as OPSCC Val. C2 treated with 
chemoradiation had better survival than patients classified as OPSCC Val. C1 receiving the same treat-
ment (P = 0.008) (Figure 5J). This suggests that the signature should be further evaluated as a potential 
predictive biomarker for chemoradiation.

Pursuing an even smaller list of  prognostic genes, we performed univariate Cox regression on the 38 
genes in order to evaluate their prognostic power as individual markers. Among HPV+ OPSCCs from TCGA, 
16 individual genes showed significant prognostic power (5-year OS, Supplemental Table 24). Four of  these 
genes were also significantly prognostic in the JHU OPSCC cohort (IKAROS family zinc finger 3 [IKZF3], 
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cytochrome B5 reductase like [CYB5RL], ARHGAP26, and calcium voltage-gated channel subunit α1 D [CAC-
NA1D]) and three were prognostic in the JHU and CESCC cohorts (IKZF3, ARHGAP26, and CACNA1D) 
(Table 2). Lower expression of  these genes (IKZF3, ARHGAP26, and CACNA1D) was significantly (likelihood 
ratio test and Walt test, P < 0.05) associated with shorter survival in all cohorts. These results indicate tumor 
genes highly associated with HPV biology may represent promising prognostic biomarkers for HPV+ SCC.

Since IKZF3 is a transcription factor involved with lymphocyte development, we hypothesized that its 
expression might be determined by inflammatory cell infiltration in the tumors. However, IKZF3 RNA was 
detected in our HPV+ cell lines, suggesting that its expression could instead be driven by the tumor cells. 
Interestingly, IKZF3 was significantly downregulated in E1^E4– cell lines (Figure 5K), supporting an asso-
ciation between this biomarker and our molecular findings. To confirm that IKZF3 is expressed by tumor 
cells, we performed immunohistochemistry on HPV+ OPSCC cases from our tissue bank. We observed a 
variable protein expression pattern among the samples. The majority of  tumors presented strong nuclear 
and moderate-to-weak cytoplasmic IKZF3 expression in tumor cells (Figure 5L), while a few cases showed 
weak or no expression in tumor cells (Figure 5M). Immune cell infiltrate was strongly positive for IKZF3 
irrespective of  tumor cell expression pattern (Figure 5, L and M).

Discussion
By transforming HPV status into a continuous variable, based on expression of  HPV genes, rather than as 
a discrete variable (positive vs. negative), we gained relevant insight into the function of  HPV in cancer. We 
identified potential molecular mechanisms driving poor prognosis in HPV+ OPSCC, characterized by chang-
es in key HPV-related pathways and viral transcription. The high-risk group presented an altered or intermedi-
ate gene expression profile between HPV– and HPV+ OPSCC tumors. Although some HPV molecular charac-
teristics were maintained, many other crucial functions of  the HPV life cycle appeared significantly changed.

This analysis of  HPV function also identified a dramatic prognostic biomarker for HPV+ tumors that 
is valid across cohorts and tissue sites. This biomarker has the potential to affect one of  the most import-
ant unmet clinical needs in HPV+ OPSCC, a risk classification system more effective than the currently 
available clinical methods (13, 19). This could be used for selection of  treatment de-escalation in low-risk 
patients and selection of  more intense treatment options for high-risk patients. While these biomarkers 
need to be optimized for clinical use and validated in large prospective cohorts, it may soon be possible to 
incorporate molecular markers into the treatment of  HPV+ OPSCC.

Table 1. Canonical pathways significantly enriched by genes differentially expressed between cell lines and tumor groups

HPV+ C1 vs. HPV+ C2 E1^E4– vs. E1^E4+ cell lines
 

Canonical pathways (IPA) Rank P value (–log10) Rank P value (–log10)
EIF2 signaling 4 13.4 1 4.01
PTEN signaling 16 5.02 2 3.7
PI3K/AKT signaling 131 1.91 4 2.97
Chronic myeloid leukemia signaling 97 2.33 5 2.67
ATM signaling 23 4.4 8 2.46
Regulation of eIF4 and p70S6K signaling 6 9.39 10 2.07
Telomerase signaling 50 3.33 11 2.06
IL-6 signaling 152 1.54 12 2.01
NF-κB signaling 144 1.7 13 1.9
NF-κB activation by viruses 148 1.62 14 1.88
PEDF signaling 106 2.22 15 1.88
Glucocorticoid receptor signaling 20 4.67 17 1.63
Prostate cancer signaling 29 4.07 18 1.6
Huntington’s disease signaling 9 6.14 19 1.6
Lymphotoxin β receptor signaling 85 2.57 23 1.59
Adipogenesis pathway 171 1.31 27 1.5
Mitochondrial dysfunction 3 14 29 1.45
Ceramide signaling 72 2.84 35 1.31
Hereditary breast cancer signaling 8 6.99 36 1.31
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Figure 5. Prognostic biomarker assessment. Log-rank test shows no significant differences in survival among patients with HPV+ OPSCC grouped accord-
ing to (A) number of cigarette packs smoked per year (n = 47); (B) low or intermediate risk according to the risk stratification system proposed by Ang et 
al. (13) (n = 47; low risk: ≤10 packs smoked per year and N0-N2a; intermediate risk: >10 packs smoked per year and N2b-N3); and (C) AJCC staging system 
for OPSCC (8th edition) (n = 52). (D) Expression profile of 38 HPV-correlated genes (vertical axis) among HPV16+ OPSCC (n = 47). JHU cohort shows 2 groups 
of tumors, OPSCC Val. C1 (n = 6) and OPSCC Val. C2 (n = 41). (E) OPSCC Val.C1 patients had a significantly lower 5-year survival rate (3 deaths) than those in 
the OPSCC Val.C2 group (4 deaths) (log-rank test). (F) Expression profile of 38 HPV-correlated genes (vertical axis) among HPV16+ CESCC patients (n = 138) 
from TCGA shows 2 groups of tumors, CESCC HPV16 C1 (n = 50) and CESCC HPV16 C2 (n = 88). (G) CESCC HPV16 C1 patients (15 deaths) had a significantly 
lower 5-year survival rate than the CESCC HPV16 C2 group (10 deaths) (log-rank test). (H) Of the 38 genes in the signature, 36 showed similar patterns 
of expression (upregulation or downregulation) among the groups with lower survival rates (C1) from the TCGA (n = 19) (horizontal axis) and JHU (n = 6) 
(vertical axis) cohorts compared with the groups with higher survival rates (C2) (TCGA, n = 33; JHU n = 41). Only INHBA and DPF1 genes showed the opposite 
expression direction. Comparing TCGA HPV+ OPSCC (n = 52) and CESCC (n = 138) cohorts, all but one gene (INHBA) showed the same pattern of expression 
in the poorer prognosis group from both cohorts (TCGA HPV+ OPSCC, n = 19; TCGA HPV+ CESCC, n = 50). (I) Expression profile of 38 selected genes among 
samples from the JHU cohort treated primarily with chemotherapy and/or radiotherapy (n = 16) revealed 2 distinct groups (JHU C1 – CT+RT, n = 4, and JHU 
C2 CT+RT, n = 12). (J) JHU C1 – CT+RT group showed significantly shorter survival (log-rank test). (K) Expression of IKZF3 was significantly lower among 
E1^E4– cell lines (n = 4) than among E1^E4+ cell lines (n = 6) (*P = 0.013, t test). Low IKZF3 expression was observed among HPV+ C1 tumors, and its low 
expression was associated with shorter survival. (L) HPV+ OPSCC showing IKZF3 protein expression in tumor (arrowhead) and inflammatory cells (arrow) 
detected by immunohistochemistry. (M) HPV+ OPSCC showing no IKZF3 expression in tumor cells (asterisk) and strong expression in inflammatory cells 
(arrow) (original magnification, ×40).
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The biomarker currently includes 38 genes, but our results suggest that this has the potential to be 
reduced to as few as a single gene. At least 3 of  the HPV-correlated genes have prognostic power when 
assessed alone among HPV+ OPSCC and CESCC tumors: IKZF3, ARHGAP26, and CACNA1D. IKZF3 
is a lymphocyte transcriptional factor that regulates apoptosis and differentiation (22). This gene has 
been described as a target of  HPV integration (23), although it was not observed in our cases. While 
this gene is highly expressed in lymphocytes and could indicate a difference in immune infiltration, 
its expression was not associated with other immune signature markers in our analysis and variable 
expression was found on tumor cells. CYB5RL belongs to the family of  NADH-cytochrome b5 reduc-
tases, which are involved in the mitochondrial electron transport system and suggests that metabolic 
changes have an important role in tumor treatment susceptibility (24). The CACNA1D gene encodes 
the voltage-dependent calcium channel CaV1.3 and is also associated with metabolism. Its protein has 
been linked to regulation of  cell migration and invasion in cancer (25). It is encouraging that these 
genes are mechanistically linked to the differential biology between the groups. They should be further 
studied both mechanistically and as biomarkers.

An intriguing question is whether the measured expression differences in signature genes are due 
to changes in tumor cells or stromal/immune cells. Overall, the majority of  the signature genes have 
not been strongly associated with immune cells, and most of  the changes are likely to be driven by the 
tumor cells. All genes demonstrated detectable levels of  expression in HPV+ cell lines. According to The 
Human Protein Atlas database (http://www.proteinatlas.org/), only 3 genes (IKZF3, CDA, and LRMP) 
have higher expression in immune-related tissues (26, 27). Intriguingly, IKZF3 and CDA exhibited high 
RNA expression in HPV+ lines, suggesting a possible role for tumor-intrinsic expression. We investigat-
ing IKZF3 protein expression in a small cohort of  HPV+ OPSCC cases. IKZF3 was highly expressed in 
inflammatory cells in all investigated cases, as expected; however, IKZF3 also exhibited variable expres-
sion in the nucleus and cytoplasm of  tumor cells (Figure 5, L and M). This supports our hypothesis 
that most of  these biomarkers are driven by tumor cell–intrinsic expression. Additionally, in general, 
immune-related signatures are not differentially expressed between C1 and C2.

To promote its life cycle, HPV hijacks host-cellular machineries and deregulates functions related to 
gene expression, cell cycle control, DNA repair, and genome maintenance (8). All of  these key molecular 
processes linked to HPV appeared dramatically transformed among patients with poor prognosis in our 
data set and suggest that these tumors have a unique biology distinct from the majority of  HPV-mediated 
tumors. A critical cancer-related effect of  HPV is the deregulation of  the p53 and Rb pathways through the 
function of  E6 and E7 (8). Our findings demonstrate that the expression levels of  many of  HPV E6 and E7 
direct target genes, including RBL1, RBL2, UBE3A, EP300, and CREBBP, in the high-risk patients (HPV+ 
C1) are similar to those in HPV– OPSCC cases. It is plausible to speculate that high-risk tumors progressed 
to become less dependent on HPV control.

Table 2. Candidate prognostic biomarkers for HPV+ squamous cell carcinoma determined by univariate Cox regression analysis

HPV+ OPSCC TCGA HPV+ OPSCC JHU HPV16+ CESCC TCGA

Gene ID Gene 
Symbol

HR CI (95%) Wald test 
(P value)

Likelihood 
test (P 
value)

HR CI (95%) Wald test 
(P value)

Likelihood 
test (P value)

HR CI (95%) Wald test 
(P value)

Likelihood 
test (P 
value)

22806 IKZF3 0.38 0.17–
0.67

0.0036 0.0005 0.29 0.10–0.71 0.0106 0.0065 0.77 0.62–0.96 0.0198 0.0208

606495 CYB5RL 0.19 0.04–
0.56

0.0071 0.0018 0.19 0.04–0.73 0.0180 0.0159 0.98 0.62-1.59 0.9497 0.9497

23092 ARHGAP26 0.45 0.19–
0.91

0.0376 0.0268 0.33 0.10–0.88 0.0350 0.0265 0.58 0.40–0.85 0.0047 0.0058

776 CACNA1D 0.62 0.38–
0.98

0.0474 0.0426 0.4 0.18–0.77 0.0127 0.0046 0.81 0.68–0.98 0.0289 0.0315

HR, hazard ratio; CI, confidence interval.
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Although E6 and E7 functions appear reduced in HPV+ C1, there was no difference in their expression 
between the groups. In contrast, decreased E1 and E1^E4 mRNA expression was observed in the HPV+ 
C1 tumors. E1^E4 protein has been linked to inhibition of  E6 and E7 protein activity by promoting their 
direct turnover (28) and, indirectly, by preventing E2 degradation (29), which is a modulator of  E6 and E7 
activity (30, 31). It is possible that changes in the expression of  E1^E4 could be responsible for the observed 
alterations in HPV function. These findings may indicate an important role for underappreciated HPV 
genes in cancer and provide new insights into the role of  these other viral proteins in cancer progression.

In addition to modulation of  E6 and E7, the E1^E4 protein has been linked to mitochondrial dysfunc-
tion by displacing mitochondria toward the nucleus and causing a drop in the mitochondrial membrane 
potential (32). The decrease in expression of  mitochondria-related genes among samples with higher E1^E4 
suggests this may have occurred in the studied samples. Mitochondria are one of  the main targets of  ioniz-
ing radiation, and inhibition of  their activity has been tested as a radiosensitizer (33–39). Downregulation 
of  mitochondrial genes among the HPV+ C2 group may suggest some level of  mitochondrial impairment 
and explain the better treatment response among this group. If  this assumption is true, treatment-resistant 
HPV+ OPSCC tumors may benefit from mitochondrial targeting for radiosensitization.

The association between E1^E4 expression and the molecular and clinical phenotypes was tested and 
validated in vitro. Deregulation of  HPV biology and metabolic imbalances are further supported by the 
results of  the RPPA analysis. We identified differences in the AKT pathway between E1^E4+ and E1^E4– 
cells. AKT activation has been associated with a higher dependency on glucose availability and more sen-
sitivity to oxidative stress (40, 41). Interestingly, E1^E4– cells also exhibited high expression of  inhibitors 
of  autophagy and apoptosis that promote survival and are known to be inhibited by phospho-AKT under 
oxidative stress (41). PI3K-AKT activation has also been attributed to HPV infection, specifically to E7 
protein function, which leads to impairment of  autophagy in HPV-infected cell lines (42, 43). This suggests 
that changes in metabolism, apoptosis, and autophagy in E1^E4– cells may be directly related to imbalances 
in HPV functions and that E1^E4-expressing cells may be more radiosensitive because of  a reduced ability 
to survive under oxidative stress caused by radiation (44).

Furthermore, some of  the most enriched pathways identified in our analysis, such as eIF2a, oxidative 
phosphorylation and mitochondrial dysfunction, protein ubiquitination, regulation of  eIF4 and p70S6k, and 
sirtuin signaling, may have a synergistic effect by being directly involved with the integrated stress response 
(45–47), a cytoprotective signaling cascade that can be activated by cellular stress. It has been linked to mech-
anisms of  treatment resistance, which may explain the poorer survival in this group (48). Additionally, eIF2a 
phosphorylation is druggable and may represent an alternative treatment approach (49).

During this analysis, we have come to appreciate that our understanding of  HPV function during 
carcinogenesis is incomplete. There is not even a consensus definition of  HPV function that could be 
applied during our analysis. Therefore, we used panels of  genes linked to HPV in our assessment of  
HPV function, but this is an imperfect measure. Depending on the gene set used in the analysis, the 
poor prognosis group could be defined as having either reduced HPV function (Figure 1, G and H) 
or reduced and different HPV function (Figure 1, B and C). These distinct interpretations could have 
important implications for how to target this group and whether there will be treatments that work 
only for them. In addition, it is unclear whether molecular and phenotypic changes are mediated by 
E1^E4 protein or whether E1^E4 RNA expression is a surrogate indicator of  other HPV function-
al changes. Additionally, it is unclear why E1 and E1^E4 expression varied among the tumors and 
groups. While HPV integration can disrupt the E4 region, we found only a modest statistical asso-
ciation between E1^E4 expression and integration status and no association between E1 expression 
and integration status. Other possibilities for regulation of  expression are host factors, such the local 
immune response, or variations in the HPV genome. Variations in the HPV genome may be the result 
of  different HPV sublineages or de novo mutations in HPV (50, 51). Future studies will be necessary to 
determine the precise mechanisms regulating E1 and E1^E4 and improve our understanding the HPV 
function and its role in disease progression.

Additionally, these data demonstrate that there are a range of  phenotypes within HPV+ tumors. In the 
future, we believe it will be important to better define key HPV functions during carcinogenesis and devel-
op assays to evaluate them in vitro and in vivo. This will improve our mechanistic understanding of  HPV 
function, but it could also help identify the most useful molecular targets in each patient based on their 
individual HPV functional state. Our biomarker should just be a first step in this process.
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In conclusion, by analyzing HPV as a continuous variable we have revealed relevant variations in HPV 
function among HPV+ patients. Since HPV promotes treatment response in HPV+ OPSCC, it should not be 
surprising that variations in HPV function could alter this endpoint. Our findings have led to the development of  
a prognostic and potentially predictive biomarker, associated with HPV function. This could lead to safer imple-
mentation of deintensified treatment protocols and facilitate testing of new treatment approaches for patients 
with unresponsive tumors, both important unmet clinical needs. Biologically, we have found that these variations 
in function are not driven by E6 or E7 RNA expression, and the mechanism may require a more complete 
understanding of the functions of other HPV genes, such as E1^E4. E1^E4 expression is associated with key 
pathways in patients and cell lines, and it may drive metabolic and stress signaling that regulates the tumor radia-
tion treatment response. We have identified cell lines, stratified by E1^E4 status, that are similar to the good and 
poor outcome patient groups. These represent models to study both good and poor treatment response in this 
disease with few available models, and they may facilitate the development of treatment options. These findings 
may eventually lead to better treatment outcomes for patients with HPV+ tumors.

Methods
Study design. This study began with in silico analysis of  transcriptome data on 80 OPSCCs obtained from 
TCGA. The results of  this initial exploratory analysis provided a molecular phenotype associated with 
outcome in patients with HPV+ OPSCC as well as a set of  candidate prognostic markers. The molecular 
phenotype associated with patient outcome was validated in vitro by using squamous cell carcinoma cell 
lines. The candidate prognostic biomarkers were validated in silico using transcriptome data from 2 cohorts 
of  HPV+ squamous cell carcinoma (OPSCC HPV16+, n = 47, and CESCC HPV16+, n = 138).

Data collection. Clinical samples used in this study were separated into discovery and validation cohorts. The 
discovery cohort was composed of the 80 OPSCCs from TCGA (52 HPV+ and 28 HPV–) (12). The validation 
cohorts comprised the 47 HPV16+ OPSCCs from JHU (20) and the 138 HPV16+ CESCCs from TCGA (21). 
TCGA RNASeq data was obtained from National Cancer Institute Genomic Data Commons (https://portal.
gdc.cancer.gov/) (12). Mutation and clinical data were obtained from FireBrowse (http://firebrowse.org/). The 
JHU validation cohort was provided in-house, and details on the cohort have been previously published (20). 
RNASeq data is available at the Gene Expression Omnibus (GEO) database (accession GSE112027).

HPV detection. Detection of  HPV infection and HPV integration and measurement of  HPV gene 
expression in TCGA data sets were performed by applying the VirusSeq pipeline (52). Tumor HPV status 
was established by considering an empirical cutoff  of  1000 read counts mapped against the viral genome, 
as was done by TCGA (12). HPV reference genomes were obtained from the Papillomavirus Episteme 
database (https://pave.niaid.nih.gov/). HPV status for JHU samples was determined by in situ hybridiza-
tion or p16 immunohistochemistry (20).

Cell lines. A panel of  10 HPV16+ cell lines was used in this study; the panel included 8 HNSCC lines 
(UDSCC2, UMSCC47, UMSCC104, UPCISCC090, UPCISCC152, UPCISCC154, 93VU147T, and 
HMS001) and two CESCC lines (CaSki and SiHa). Another 69 squamous cell carcinoma cell lines (62 
HPV– and 7 infected by a HPV type other than HPV16) were used for further comparison (Supplemental 
Table 16). Their short tandem repeat and genomic profiles have been previously published as well as their 
whole-exome, transcriptome, and RPPA profiles (17). The gene expression profile of  cell lines is available 
through GEO (accession GSE122512).

qPCR. Total RNA was extracted from cell lines using the RNeasy Mini Kit (catalog 74104, Qiagen). 
RNA was treated with DNase (catalog 18068-015, Life Technologies) and reverse transcribed using the 
RevertAid First Strand cDNA Synthesis Kit (catalog K1622, Life Technologies) according to the manufac-
turer’s instructions using random hexamer primers provided in the kit. The resulting cDNA was subject-
ed to qPCR using SYBR Green qPCR Master Mix (catalog 4364344, Life Technologies). HPV16 E1^E4 
was detected with PCR primers (forward, 5′-GATCCTGCACAGCAACGAAG-3′; reverse, 5′-CGACG-
GCTTTGGTATGGGT-3′) that covered the splicing junction between HPV16 nucleotides 880 and 3358. 
GAPDH expression was used as internal control (forward, 5′-CTCTGCTCCTCCTGTTCGAC-3′; reverse, 
5′-TTGACTCCGACCTTCACCTT-3′).

Radioresistance assay. Radioresponse was assessed via standard colony formation assay (18).
Pathway analysis. Pathway analysis was performed using IPA Software (Qiagen) and by GSEA (16). 

GSEA was performed using MSigDB gene set collection “C2” and subcollection “CP,” representing curat-
ed gene sets from pathway databases.
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Immunohistochemistry. Formalin-fixed, paraffin-embedded tissue from 10 deidentified HPV+ oropha-
ryngeal squamous cell carcinoma cases was retrieved from The University of  Texas MD Anderson Can-
cer Center tissue bank for evaluation of  IKZF3 protein expression. Immunohistochemical staining was 
performed in an automated staining system using the polyclonal rabbit antibody anti-IKZF3 [1:1000] 
(HPA024377, MilliporeSigma). Morphological distribution of  IKZF3 expression was assessed in order to 
determine the most likely cell source of  expression in tumor samples.

Statistics. Statistical analyses were performed using JMP Pro 12.0.1 software (SAS Institute Inc.). Cor-
relation between human and HPV gene expression was assessed by Pearson correlation analysis between 
log2-normalized counts from each human gene and total HPV gene expression among TCGA OPSCC 
samples. Differences in gene expression between groups were considered significant when the FDR P 
value (calculated using the Benjamini-Hochberg technique) was lower than 0.05, except for the HPV16+ 
cell line analysis, where we used uncorrected P values lower than 0.05 because of  the small sample size 
(4 and 6 in each group), which impaired the multiple testing correction. Hierarchical clustering analysis 
was performed using the Ward minimum variance method for defining distances between clusters. Cluster 
distances were computed on standardized expression values. Associations between categorical variables 
and survival were determined by the log-rank test, considering a 5-year follow-up interval. For continuous 
variables, univariate and multivariate Cox regression analysis was employed, again considering a 5-year 
follow-up interval, and significance was established by the Wald and likelihood ratio tests. Associations 
between categorical variables were determined by the 2-tailed Fisher exact test, and a P value lower than 
0.05 was considered significant. Data represented in box plots shows lower, median, and upper quartiles, 
and error bars indicate minimum to maximum values. Associations between categorical and continuous 
variables were determined by 2-tailed t test, and a P value lower than 0.05 was considered significant.

Study approval. JHU cohort patients were recruited under protocol NA_00-36235, which was approved 
by the IRB of  JHU. Patients from The University of  Texas MD Anderson Cancer Center were recruited 
under protocol PA15-0138/PA14-0964, which was approved by The University of  Texas MD Anderson 
Cancer Center IRB. All patients provided informed consent prior to participation in the study or a waiver 
of  consent was granted by the IRB.
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