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Abstract

Sinonasal papillomas are benign epithelial tumors of the sinonasal tract that are associated with a 

synchronous or metachronous sinonasal carcinoma in a subset of cases. Our group recently 

identified mutually exclusive EGFR mutations and human papillomavirus (HPV) infection in 

inverted sinonasal papillomas and frequent KRAS mutations in oncocytic sinonasal papillomas. 

We also demonstrated concordant mutational and HPV infection status in sinonasal papilloma-

associated sinonasal carcinomas, confirming a clonal relationship between these tumors. Despite 

our emerging understanding of the oncogenic mechanisms driving formation of sinonasal 

papillomas, little is currently known about the molecular mechanisms of malignant progression to 

sinonasal carcinoma. In the present study, we utilized targeted next-generation DNA sequencing to 

characterize the molecular landscape of a large cohort of sinonasal papilloma-associated sinonasal 

carcinomas. As expected, EGFR or KRAS mutations were present in the vast majority of tumors. 

In addition, highly recurrent TP53 mutations, CDKN2A mutations, and/or CDKN2A copy number 

losses were detected; overall, nearly all tumors (n = 28/29; 96.6%) harbored at least one TP53 or 

CDKN2A alteration. TERT copy number gains also occurred frequently (27.6%); however, no 

TERT promoter mutations were identified. Other recurrent molecular alterations included NFE2L2 
and PIK3CA mutations and SOX2, CCND1, MYC, FGFR1, and EGFR copy number gains. 

Importantly, TP53 mutations and CDKN2A alterations were not detected in matched sinonasal 
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papillomas, suggesting that these molecular events are associated with malignant transformation. 

Compared to aerodigestive tract squamous cell carcinomas from The Cancer Genome Atlas 

(TCGA) project, sinonasal papilloma-associated sinonasal carcinomas have a distinct molecular 

phenotype, including more frequent EGFR, KRAS, and CDKN2A mutations, TERT copy number 

gains, and low-risk human papillomavirus (HPV) infection. These findings shed light on the 

molecular mechanisms of malignant progression of sinonasal papillomas and may have important 

diagnostic and therapeutic implications for patients with advanced sinonasal cancer.

INTRODUCTION

Sinonasal papillomas are uncommon benign epithelial tumors of the sinonasal tract; 

however, a small subset of cases are associated with a synchronous or metachronous 

sinonasal carcinoma – most commonly squamous cell carcinoma or one of its variants (i.e., 

adenosquamous carcinoma, etc.)1,2. Over the past several years, our group has utilized a 

variety of conventional and next-generation sequencing approaches to define the oncogenic 

events that occur in specific sinonasal papilloma subtypes, including mutually-exclusive 

EGFR mutations and HPV infection in inverted sinonasal papilloma and KRAS mutations in 

oncocytic sinonasal papillomas3–5. We have also demonstrated that matched pairs of 

sinonasal papillomas and associated sinonasal carcinomas have concordant EGFR, KRAS, 

and HPV genotypes, indicating a clonal molecular relationship between these tumors.

Despite our emerging understanding of sinonasal papilloma oncogenesis, the molecular 

mechanisms underlying malignant progression to sinonasal carcinoma are relatively 

understudied. While several studies have reported a high incidence of TP53 mutations in 

sinonasal papilloma-associated sinonasal carcinomas6,7, a comprehensive assessment of the 

molecular landscape of these tumors is lacking. Thus, in this study, we sought to 

characterize mutations and copy number alterations in sinonasal papilloma-associated 

sinonasal carcinomas utilizing targeted next-generation DNA sequencing (DNAseq) of 

frequently altered pan-cancer genes. We also evaluated molecular alterations within matched 

sinonasal papilloma-carcinoma pairs and compared the molecular landscape of sinonasal 

papilloma-associated sinonasal carcinomas to available large cohorts of aerodigestive tract 

squamous cell carcinomas.

MATERIALS AND METHODS

Case selection and DNA extraction

With Institutional Review Board approval, sinonasal papilloma-associated sinonasal 

carcinomas were retrospectively identified from surgical pathology records databases at 

Michigan Medicine. Sinonasal papilloma-associated sinonasal carcinomas were defined as a 

sinonasal carcinoma with either a concurrent or previously diagnosed sinonasal papilloma. 

(A majority of the cases in the current study were included in previous studies; see 

Supplemental Table 1 for details3–5.) For a subset of the cases (n = 11), matched sinonasal 

papilloma material was available for comparison. Available hematoxylin and eosin (H&E) 

slides from each case were reviewed by experienced head and neck pathologists (A.M.U. 

and J.B.M.) to confirm the diagnosis and select areas of tumor for sequencing; 
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corresponding formalin-fixed paraffin-embedded (FFPE) tissue was macrodissected from 

glass slides, and DNA was isolated using the Pinpoint Slide DNA Isolation System Kit 

(D3001; Zymo Research, Irvine, CA).

Targeted next-generation sequencing (NGS)

Targeted next-generation DNA sequencing (DNAseq) was performed essentially as 

described previously8. Briefly, FFPE-extracted DNA was quantitated using the Qubit™ 

dsDNA HS Assay Kit (Q32851; Thermo Fisher Scientific, Waltham, MA), and for each 

sample, amplicon-based NGS libraries were generated from up to 20 ng of DNA by 

multiplex PCR using the Ion AmpliSeq Library Kit 2.0 (4475345; Thermo Fisher Scientific) 

and a custom pan-cancer DNA AmpliSeq panel (Oncomine Comprehensive Panel, version 

1c; Thermo Fisher Scientific). NGS libraries were quantitated using qPCR, and sequencing 

templates were generated using the Ion PI™ Hi-Q™ OT2 200 Kit (A26434; Thermo Fisher 

Scientific). Templated libraries were pooled and sequenced on an Ion Torrent Proton 

machine using the Ion PI™ Chip Kit v3 (A26771; Thermo Fisher Scientific). NGS quality 

control (QC) metrics for all samples are provided in Supplemental Table 2. Sequence 

alignment and analysis was performed using Ion Torrent Suite Software (version 5.0.4; 

Thermo Fisher Scientific) and established in-house bioinformatics pipelines. Prioritized 

mutations and copy number alterations were manually curated by an experienced molecular 

pathologist (A.M.U.) using previously established criteria9.

HPV infection status

For a subset of samples, the presence and subtype of HPV genomic DNA was assessed using 

GP5+/GP6+ consensus primers for L1 as described previously5. This method detects both 

low-risk and high-risk HPV subtypes.

TERT promoter mutation testing

TERT promoter mutation testing was performed as described previously10. Briefly, an allele-

specific PCR assay was performed, targeting the most common TERT promoter mutations 

including c.−146C>T (Chr.5:1295250C>T), c.−124C>T (Chr.5:1295228C>T), c.

−138_139CC>TT (Chr.5:1295242_1295243CC>TT) and c.−124_125CC>TT 

(Chr.5:1295228_1295229CC>TT).

The Cancer Genome Atlas (TCGA) analysis

TCGA data for aerodigestive tract squamous cell carcinomas, including lung (LUSC) and 

head and neck (HNSC), were visualized using cBioPortal (www.cbioportal.org)11–14. Genes 

with one or more prioritized alterations in the sinonasal papilloma-associated sinonasal 

carcinoma cohort were selected for comparison to the TCGA cohorts, and only mutations 

classified as putative drivers or significant copy number alterations (i.e., amplifications and 

deep deletions) in the TCGA datasets were retained for subsequent analysis. Human 

papillomavirus (HPV) infection data for head and neck squamous cell carcinomas were 

obtained from the HNSC TCGA dataset12, while HPV infection data for lung squamous cell 

carcinomas were obtained from the TCGA Pan-Cancer Atlas15. The relative frequency of 
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specific molecular alterations across these cohorts was examined using Chi-squared or 

Fisher’s Exact tests, as indicated.

RESULTS

Recurrent molecular alterations in sinonasal papilloma-associated sinonasal carcinomas

A total of 29 sinonasal papilloma-associated sinonasal carcinomas were available for the 

purposes of this study. All tumors were squamous cell carcinomas (either keratinizing or 

non-keratinizing) or squamous cell carcinoma variants (i.e., adenosquamous carcinoma, 

etc.). To explore the molecular landscape of these tumors, we utilized targeted DNAseq 

using a custom pan-cancer 133-gene panel that detects mutations and copy number changes 

in recurrently altered oncogenes and tumor suppressor genes8. Overall, a total of 76 

mutations (median per tumor = 3; range = 0–6) and 38 copy number alterations (median per 

tumor = 1; range = 0–4) were identified by this panel (see Figure 1 and Supplemental Table 

1 for details). As expected, targeted DNAseq confirmed the presence of recurrent mutually-

exclusive EGFR (n = 21) and KRAS (n = 5) mutations in sinonasal papilloma-associated 

sinonasal carcinomas; three tumors lacked both EGFR and KRAS mutations – two of which 

harbored low-risk HPV subtype 11, and one for which HPV PCR analysis failed. As 

described previously, nearly all EGFR mutations occurred in exons 19 or 20; however, a 

nonsynonymous exon 6 mutation (p.R222C) was detected in one case. Aside from EGFR 
and KRAS, recurrent mutations included TP53 (n = 22), CDKN2A (n = 12), NFE2L2 (n = 

4), PIK3CA (n = 4), ATM (n = 2), FBXW7 (n = 2), NOTCH1 (n = 2), and PIK3R1 (n = 2); 

recurrent copy number gains included TERT (n = 8), SOX2 (n = 6), CCND1 (n = 5), MYC 
(n = 4), FGFR1 (n = 3), MYCL (n = 2), and PIK3CA (n = 2), while recurrent copy number 

losses included two-copy loss (“deep deletion”) of CDKN2A (n = 10). Integration of 

mutation and copy number data revealed that nearly all tumors (n = 28; 96.6%) harbored at 

least one TP53 or CDKN2A alteration; in addition, three tumors with EGFR mutations 

harbored concurrent EGFR copy number gain (two of the mutant allele and one of the wild 

type allele), while one tumor with a KRAS mutation showed copy number gain of the 

mutant allele.

Non-EGFR/non-KRAS molecular alterations are uncommon in sinonasal papillomas 
adjacent to associated sinonasal carcinomas

Our previous studies highlighted the clonal molecular relationship between sinonasal 

papillomas and associated sinonasal carcinomas3–5, however, the molecular events 

underlying malignant progression of sinonasal papillomas remain incompletely explored. A 

matched sinonasal papilloma sample was available from 11 of the sequenced sinonasal 

carcinoma cases. As expected, EGFR and KRAS genotypes were concordant for all matched 

papilloma-carcinoma pairs; however, no copy number alterations were identified in any of 

the matched sinonasal papillomas, and aside from EGFR and KRAS, only one other 

mutation (an inactivating PIK3R1 frameshift mutation present in one matched papilloma-

carcinoma pair) was detected (see Figure 2 and Table 1 for details). Overall, these results 

indicate that sinonasal papillomas have a low mutational burden and genomic complexity 

and only infrequently harbor mutations in genes commonly altered in associated sinonasal 

carcinomas. Strikingly, despite the high prevalence of TP53 and CDKN2A alterations in 
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associated sinonasal carcinomas, these alterations were not identified in any of the 11 

matched sinonasal papillomas, suggesting that TP53 and/or CDKN2A alterations are early 

molecular events in the progression to sinonasal carcinoma.

Sinonasal papilloma-associated sinonasal carcinomas are molecularly distinct from other 
squamous cell carcinomas of the aerodigestive tract

Squamous cell carcinomas account for the vast majority of sinonasal papilloma-associated 

sinonasal carcinomas; however, the molecular landscape of these tumors relative to other 

aerodigestive tract squamous cell carcinomas has never been directly explored. Thus, we 

sought to compare the results of targeted DNAseq in our cohort of sinonasal papilloma-

associated sinonasal carcinomas to available large cohorts of sequenced lung and head and 

neck squamous cell carcinomas from the TCGA project11,12,15. As expected, EGFR and 

KRAS mutations are significantly enriched in sinonasal papilloma-associated sinonasal 

carcinomas relative to other aerodigestive tract squamous cell carcinomas (P < 0.001); 

CDKN2A mutations, TERT copy number gains, and low-risk HPV infection also occur 

more frequently in these tumors (P < 0.05) (see Figure 3 and Table 2). Overall, these data 

indicate that sinonasal papilloma-associated sinonasal carcinomas are molecularly distinct 

from squamous cell carcinomas of the aerodigestive tract.

TERT promoter mutations are uncommon in sinonasal papillomas and associated 
sinonasal carcinomas

Finally, given the relatively high frequency of TERT copy number gains in sinonasal 

papilloma-associated sinonasal carcinomas (27.6% in our cohort), as well as the 

comparatively low frequency of TERT copy number gains in aerodigestive tract squamous 

cell carcinomas from the TCGA cohorts (see above for details), we wondered whether TERT 

dysregulation may be a more general feature of malignant progression of sinonasal 

papillomas. Thus, we performed TERT promoter mutation testing on a subset of sinonasal 

carcinoma and papilloma cases from our cohort using an allele-specific PCR-based approach 

that detects the majority of such mutations in cancer and has been previously validated in a 

large cohort of urothelial carcinoma specimens10. Surprisingly, we found no evidence of 

TERT promoter mutations in sinonasal papillomas or carcinomas, suggesting that such 

mutations are uncommon in these tumors.

DISCUSSION

In this manuscript, we report the first comprehensive assessment of mutations and copy 

number alterations in sinonasal papilloma-associated sinonasal carcinomas. As expected, 

based on our previous work (which constitutes most of the specimens profiled in this study), 

the majority of tumors harbored either activating EGFR or KRAS mutations, while a small 

subset of tumors demonstrated low-risk HPV infection. Inactivating TP53 and/or CDKN2A 
mutations with loss of heterozygosity or two-copy loss (“deep deletion”) of CDKN2A was 

frequently observed in sinonasal carcinomas but was not present in matched sinonasal 

papillomas, indicating that these alterations may be early molecular events in malignant 

progression to sinonasal carcinoma. In addition, sinonasal papilloma-associated sinonasal 

carcinomas harbor a number of recurrent molecular alterations that are commonly found in 
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other aerodigestive tract squamous cell carcinomas, although subsets of these alterations are 

relatively enriched in sinonasal carcinomas – suggesting potential novel carcinogenic 

pathways in these tumors.

Previous studies have implicated TP53 mutations and HPV infection (particularly high-risk 

subtypes) in the malignant progression of sinonasal papillomas1,6,7. While our results clearly 

support the hypothesis that TP53 mutations are early molecular events in malignant 

progression to sinonasal carcinoma, there appears to be an emerging consensus against a role 

for high-risk HPV infection in these tumors. Indeed, in addition to our current and prior 

data5, a recent large tissue microarray-based study by Rooper et al. failed to show evidence 

of transcriptionally-active high-risk HPV infection in sinonasal papilloma-associated 

sinonasal carcinomas16. In contrast, prior work from our group and others has indicated that 

low-risk HPV infection in inverted sinonasal papilloma may be associated with an increased 

risk of malignant progression5,17. Whether low-risk HPV infection is truly a risk factor for 

malignant progression needs additional study in larger multi-institutional and/or prospective 

cohorts; however, given the fact that low-risk E6 and E7 oncoproteins exert only weak 

effects on p53 and Rb, respectively, if low-risk HPV infection is a risk factor for malignant 

progression, non-traditional oncogenic mechanisms may be involved18. For example, our 

group previously demonstrated that genomic integration of the low-risk HPV subtype 11 

occurs in subsets of sinonasal papilloma-associated sinonasal carcinoma but not the 

associated sinonasal papilloma19. Overall, these data indicate a need for additional study of 

the molecular mechanisms underlying malignant progression of sinonasal papillomas with 

low-risk HPV infection.

In addition to TP53 mutations, our study highlights a central role for CDKN2A inactivation 

– either through mutation and subsequent loss of heterozygosity or focal “deep deletion” of 

the gene locus – in sinonasal papilloma-associated sinonasal carcinoma. Indeed, the vast 

majority of tumors (72.4%) showed evidence of at least one CDKN2A alteration, and all 

except one (96.6%) harbored at least one TP53 or CDKN2A alteration. Importantly, none of 

these alterations were detected in the subset of matched sinonasal papillomas from our 

cohort, indicating that TP53 and CDKN2A are likely to be early molecular events in the 

malignant progression to sinonasal carcinoma. The frequency of these alterations also 

suggests that tobacco exposure may play an etiologic role in many sinonasal papilloma-

associated sinonasal carcinomas, as the concurrent presence of TP53 and CDKN2A 
alterations is strongly associated with tobacco exposure in the TCGA head and neck 

squamous cell carcinoma cohort12. Indeed, we have previously reported that the majority of 

patients with sinonasal papilloma-associated sinonasal carcinoma have prior or ongoing 

tobacco exposure3. Future studies should examine the molecular changes accompanying 

epithelial dysplasia in sinonasal papillomas and assess the potential diagnostic utility of 

common ancillary tools (i.e., p53 and/or p16 immunohistochemistry, etc.) for detecting 

dysplastic lesions.

Aside from TP53 and CDKN2A alterations, sinonasal papilloma-associated sinonasal 

carcinomas demonstrate a number of recurrently-altered genes, which are likely to be 

secondary events in the malignant progression to sinonasal carcinoma. These secondary 

alterations include NFE2L2 mutations and SOX2, CCND1, MYC, and FGFR1 copy number 
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gains, which are frequently observed in other aerodigestive tract squamous cell carcinomas. 

Interestingly, the most common secondary alteration is TERT copy number gain (occurring 

in 27.6% of tumors), which is relatively infrequently observed in lung and head and neck 

squamous cell carcinomas (occurring in 9.0% and 6.7% of tumors, respectively). TERT copy 

number gain drives aberrant TERT overexpression, which facilitates carcinogenesis via 

inappropriate telomere maintenance in otherwise rapidly dividing cells20. Given that 

inappropriate telomere maintenance can occur via a variety of different mechanisms, 

including TERT promoter mutations, we examined a subset of sinonasal papillomas and 

associated carcinomas without TERT copy number gains for TERT promoter mutations but 

did not identify any such mutations. Future studies should investigate other potential 

mechanisms of inappropriate telomere maintenance in sinonasal papilloma-associated 

sinonasal carcinomas, as well as possible additional transcriptional and/or epigenomic 

mechanisms of malignant progression to sinonasal carcinoma.

The aerodigestive tract – a contiguous luminal structure comprising the respiratory tract and 

upper portion of the digestive system – is a hotspot for human malignancy, including lung 

and head and neck cancers. However, the types and etiologies of tumors in this region vary 

dramatically by anatomic site: squamous cell carcinoma of the lung typically involves the 

bronchial tree and shows a strong association with tobacco exposure; laryngeal and oral 

cavity squamous cell carcinoma similarly shows a strong association with tobacco exposure; 

and, oropharyngeal squamous cell carcinoma is typically associated with infection by high-

risk HPV subtypes (although tobacco exposure is still a risk factor)11,12. The sinonasal tract 

is a unique anatomic subset of the aerodigestive tract, and although the majority of its 

malignant tumors are squamous cell carcinomas associated with tobacco exposure or high-

risk HPV infection, recent morphologic and molecular profiling studies have delineated a 

number of characteristic tumors with specific molecular alterations (i.e., NUT carcinoma, 

SMARCB1 (INI-1)-deficient sinonasal carcinoma, IDH2-mutant sinonasal undifferentiated 

carcinoma, etc.)21. The results of this study (and others) clearly indicate that sinonasal 

papilloma-associated sinonasal carcinomas are similarly molecularly distinct from other 

aerodigestive tract squamous cell carcinomas, with frequent EGFR and KRAS mutations 

that are only exceptionally seen at other anatomic sites11,12. In addition, a small (but 

significant) subset of tumors appears to be related to low-risk HPV infection, which is not 

commonly observed in other aerodigestive tract squamous cell carcinomas. As we have 

shown, the presence of these distinctive oncogenic alterations in sinonasal carcinomas is due 

to their clonal relationship with associated sinonasal papillomas, which highlights the need 

for additional molecular investigation of both sinonasal papillomas and associated sinonasal 

carcinomas.

Finally, although sinonasal papilloma-associated sinonasal carcinomas are relatively 

uncommon tumors, they are associated with the potential for significant morbidity and 

mortality. As we have shown previously, the presence of activating EGFR mutations in a 

large subset of these tumors indicates the potential for targeted therapeutic approaches with 

EGFR inhibitors, including next-generation molecules that have increased efficacy against 

tumors with exon 20 insertions (e.g., poziotinib)3,22,23. In contrast, based on collective 

experience in lung and colon cancers, the presence of KRAS mutations in a subset of 

sinonasal papilloma-associated sinonasal carcinomas likely predicts primary resistance to 
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anti-EGFR-based therapies. Novel therapeutics targeting the downstream components of the 

RAF/RAS pathway (i.e., MEK and ERK inhibitors) are in development and clinical trials for 

patients with KRAS-mutant tumors; however, no FDA-approved drugs that target these 

alterations are currently available. Importantly, the results of our current study suggest that 

subsets of sinonasal papilloma-associated sinonasal carcinomas harbor potentially 

therapeutically targetable alterations, including PI3K/AKT pathway alterations (i.e., 

PIK3CA or PIK3R1 mutations, PTEN deletion, etc.) and other rare molecular alterations 

(e.g., CDK6, MYC, or FGFR1 amplification).

In conclusion, our results shed light on the molecular mechanisms underlying malignant 

progression of sinonasal papillomas. It is likely that as our understanding and awareness of 

the unique molecular landscape of sinonasal papilloma-associated sinonasal carcinoma 

improves, there may potentially be important diagnostic and therapeutic implications for 

patients with sinonasal cancer.
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Figure 1. Integrative genomic profiling reveals recurrent molecular alterations in sinonasal 
papilloma-associated sinonasal carcinoma.
Heatmap of prioritized somatic variants and copy number alterations highlights recurrent 

molecular alterations identified in 29 sinonasal papilloma-associated sinonasal carcinomas, 

including: 24 inverted sinonasal papilloma-associated sinonasal carcinomas (I); and, 5 

oncocytic sinonasal papilloma-associated sinonasal carcinomas (O). Recurrent somatic 

variants include EGFR, KRAS, TP53, CDKN2A, NFE2L2, PIK3CA, ATM, FBXW7, 

NOTCH1, and PIK3R1; recurrent copy number gains include EGFR, KRAS, TERT, SOX2, 

CCND1, MYC, FGFR1, MYCL, and PIK3CA, while recurrent copy number losses include 

CDKN2A. Integration of somatic variant and copy number data reveals that nearly all 

tumors (n = 28; 96.6%) harbor at least one TP53 or CDKN2A alteration. Tumor samples are 

ordered from top to bottom by type (I or O) and then increasing NGS ID number. Human 

papillomavirus infection status is indicated as follows: positive (P); negative (N); or 

unknown (U). Molecular alterations are ordered from left to right by decreasing frequency 

and then alphabetical order. Somatic variants are annotated by type: nonsynonymous = 

yellow; frame-preserving indel = green; stopgain (nonsense) mutation = pink; frameshift 

indel = orange; and, splicing variant = purple. Copy number alterations are annotated by 

type: amplification = red; and, deep deletion (two-copy loss) = blue.
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Figure 2. Integrative genomic profiling of matched sinonasal papilloma-carcinoma pairs 
highlights common and unique mechanisms of malignant progression.
Annotated copy number plots for four matched sinonasal papilloma-carcinoma pairs 

(Patients #2, 4, 9, and 10) depicting prioritized somatic variants and copy number alterations 

(see Table 1 for additional details). The presence of concordant EGFR (Patient #2, 4, and 9) 

or KRAS (Patient #10) genotypes confirms clonality of these matched sample pairs. In 

contrast to carcinoma samples – which demonstrate frequent prioritized TP53 mutations, 

CDKN2A mutations, and/or copy number alterations (i.e., TERT amplification, CCND1 
amplification, EGFR amplification, KRAS amplification, etc.). – papilloma samples do not 

frequently harbor additional prioritized molecular alterations (beyond EGFR or KRAS 
mutations). Each circle represents a different targeted gene on the next-generation 

sequencing (NGS) panel; gray = no somatic variant or copy number alteration, yellow = 

somatic variant without copy number alteration, red = amplification, and blue = deep 

deletion (two-copy loss). Log2 copy number ratio is depicted on the y-axis, and genes are 

ordered in ascending genomic position from left to right. Error bars indicate 95% confidence 

intervals for prioritized copy number alterations.
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Figure 3. Sinonasal papilloma-associated sinonasal carcinomas are molecularly distinct from 
other aerodigestive tract squamous cell carcinomas.
Bar graph showing the relative frequency of specific molecular alterations in sinonasal 

papilloma-associated sinonasal carcinomas compared to aerodigestive tract squamous cell 

carcinomas (SCC) in The Cancer Genome Atlas (TCGA) cohort, including head and neck 

(HNSCC) and lung SCC. Sinonasal papilloma-associated sinonasal carcinomas show a 

number of distinct molecular features, including increased proportion of tumors with EGFR 
mutations, KRAS mutations, low-risk human papillomavirus (HPV) infection, CDKN2A 
mutations, and/or TERT amplifications (see Table 2 for details). Asterisks indicate statistical 

significance (P < 0.05) for pairwise comparisons between sinonasal papilloma-associated 

sinonasal carcinomas with TCGA HNSCC and TCGA lung SCC.
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Table 1.

Summary of prioritized variants and copy number alterations from next-generation sequencing (NGS) data for 

matched papilloma-carcinoma pairs highlights unique molecular events in sinonasal papilloma malignant 

progression.

PATIENT NGS 
ID

TUMOR 
TYPE

HPV 
STATUS

VARIANT(S) (VAF) COPY 
NUMBER 
GAIN(S)

COPY 
NUMBER 
LOSS(ES)

TERT 
PROMOTER 
STATUS

1 HN-11 ISP-
associated 
sinonasal 
carcinoma

Negative CDKN2A (W110*; 0.37)
EGFR (D770_N771insGL; 
0.17)
TP53 (W91*; 0.14)

None None Negative

1 HN-12 Inverted 
sinonasal 
papilloma

Negative EGFR (D770_N771insGL; 
0.17)

None None Negative

2 HN-14 ISP-
associated 
sinonasal 
carcinoma

Negative CDKN2A (E75fs; 0.49)
TP53 (R273C; 0.45)
PIK3CA (D350H; 0.40)
PIK3CA (E545K; 0.39)
NFE2L2 (W24C; 0.24)
EGFR (D770_N771insSVE; 
0.19)

None None Negative

2 HN-15 Inverted 
sinonasal 
papilloma

Negative EGFR (D770_N771insSVE; 
0.22)

None None Negative

3 HN-16 ISP-
associated 
sinonasal 
carcinoma

Negative TP53 (R248Q; 0.62)
EGFR (D770_N771insGF; 
0.46)

SOX2 (6.1 
copies)
PIK3CA (4.1 
copies)

CDKN2A 
(2-copy 
loss)

Negative

3 HN-17 Inverted 
sinonasal 
papilloma

Negative EGFR (D770_N771insGF; 
0.36)

None None N.D.

4 HN-18 ISP-
associated 
sinonasal 
carcinoma

Negative CDKN2A (Y44fs; 0.86)
TP53 (M237I; 0.42)
EGFR (N771_P772insV; 0.32)

MYCL (10.6 
copies)
MDM2 (7.5 
copies)
TERT (4.3 
copies)

None Negative

4 HN-19 Inverted 
sinonasal 
papilloma

Negative EGFR (N771_P772insV; 0.19) None None Negative

5 HN-20 ISP-
associated 
sinonasal 
carcinoma

Negative EGFR (S768_D770dup; 0.66)
ATM (E1530*; 0.40)
NFE2L2 (E79K; 0.28)
FBXW7 (R505C; 0.21)
MSH2 (S281L; 0.18)

EGFR (4.8 
copies), 
CCND1 (3.9 
copies)

CDKN2A 
(2-copy 
loss)

Negative

5 HN-21 Inverted 
sinonasal 
papilloma

Negative EGFR (S768_D770dup; 0.21) None None Negative

6 HN-24 ISP-
associated 
sinonasal 
carcinoma

Negative TP53 (V272L; 0.75)
PIK3R1 (Y580fs; 0.38)
EGFR (S768_D770dup; 0.31)

SOX2 (3.7 
copies)

PTEN (2-
copy loss)

Negative

6 HN-25 Inverted 
sinonasal 
papilloma

Negative PIK3R1 (Y580fs; 0.29)
EGFR (S768_D770dup; 0.23)

None None Negative

7 HN-36 ISP-
associated 
sinonasal 
carcinoma

Negative TP53 (P152fs; 0.34)
CDKN2A (L76fs; 0.30)
EGFR (N771_H773dup; 0.19)

SOX2 (3.6 
copies)

None N.D.
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PATIENT NGS 
ID

TUMOR 
TYPE

HPV 
STATUS

VARIANT(S) (VAF) COPY 
NUMBER 
GAIN(S)

COPY 
NUMBER 
LOSS(ES)

TERT 
PROMOTER 
STATUS

7 HN-37 Inverted 
sinonasal 
papilloma

Negative EGFR (N771_H773dup; 0.19) None None N.D.

8 HN-52 ISP-
associated 
sinonasal 
carcinoma

N.D. TP53 (R175H; 0.85)
CDKN2A (C72*; 0.81)
EGFR (D770_N771insGF; 
0.23)

CCND1 (42.0 
copies)
PIK3CA (3.8 
copies)

None N.D.

8 HN-51 Inverted 
sinonasal 
papilloma

N.D. EGFR (D770_N771insGF; 
0.33)

None None N.D.

9 HN-59 ISP-
associated 
sinonasal 
carcinoma

N.D. TP53 (C277del; 0.37)
TP53 (G266E; 0.34)
EGFR (S768_D770dup; 0.07)

EGFR (11.2 
copies)
CCND1 (10.0 
copies)

None N.D.

9 HN-58 Inverted 
sinonasal 
papilloma

N.D. EGFR (S768_D770dup; 0.13) None None N.D.

10 HN-39 OSP-
associated 
sinonasal 
carcinoma

Negative KRAS (G12D; 0.88)
TP53 (R273S; 0.77)
CDKN2A (R47fs; 0.52)

KRAS (4.3 
copies)
CCND1 (3.5 
copies)
TERT (3.5 
copies)

None N.D.

10 HN-63 Oncocytic 
sinonasal 
papilloma

N.D. KRAS (G12D; 0.15) None None N.D.

11 HN-65 OSP-
associated 
sinonasal 
carcinoma

N.D. KRAS (G12V; 0.09)
TP53 (V216M; 0.08)

None None N.D.

11 HN-64 Oncocytic 
sinonasal 
papilloma

N.D. KRAS (G12V; 0.04) None None N.D.

NGS = next-generation sequencing, HPV = human papillomavirus, VAF = variant allele fraction, ISP = inverted sinonasal papilloma, OSP = 
oncocytic sinonasal papilloma, N.D. = not done
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Table 2.

Comparison of prioritized genomic alterations in sinonasal papilloma-associated sinonasal carcinomas to other 

aerodigestive tract squamous cell carcinomas.

Somatic variant(s) Sinonasal papilloma-
associated sinonasal 
carcinomas (n=29)

TCGA HNSCC 
(n=279)

TCGA Lung SCC 
(n=178)

P-value (vs. 
HNSCC)

P-value (vs. 
Lung SCC)

EGFR 21 (72.4%) 2 (0.7%) 2 (1.1%) <0.0001 <0.0001

KRAS 5 (17.2%) 0 (0%) 1 (0.6%) <0.0001 0.0002

TP53 21 (72.4%) 207 (74.2%) 164 (92.1%) 1.000 0.005

CDKN2A 12 (41.4%) 60 (21.5%) 28 (15.7%) 0.022 0.003

NFE2L2 4 (13.8%) 14 (5%) 27 (15.2%) 0.076 1.000

PIK3CA 4 (13.8%) 52 (18.6%) 23 (12.9%) 0.622 1.000

ATM 2 (6.9%) 1 (0.4%) 1 (0.6%) 0.024 0.052

FBXW7 2 (6.9%) 8 (2.9%) 8 (4.5%) 0.240 0.634

NOTCH1 2 (6.9%) 27 (9.7%) 8 (4.5%) 0.754 0.634

PIK3R1 2 (6.9%) 2 (0.7%) 0 (0%) 0.046 0.019

HPV infection

Low-risk subtypes 2 (6.9%) 0 (0%) 0 (0%)* 0.008 0.003

Copy number 
gain(s)

EGFR 3 (10.3%) 30 (10.8%) 13 (7.3%) 1.000 0.705

KRAS 1 (3.4%) 6 (2.2%) 4 (2.2%) 1.000 1.000

TERT 8 (27.6%) 25 (9%) 12 (6.7%) 0.006 0.002

SOX2 6 (20.7%) 59 (21.1%) 76 (42.7%) 1.000 0.039

CCND1 5 (17.2%) 77 (27.6%) 22 (12.4%) 0.276 0.550

MYC 4 (13.8%) 34 (12.2%) 8 (4.5%) 1.000 0.069

FGFR1 3 (10.3%) 23 (8.2%) 30 (16.9%) 0.723 0.432

MYCL 2 (6.9%) 6 (2.2%) 6 (3.4%) 0.168 0.603

PIK3CA 2 (6.9%) 59 (21.1%) 68 (38.2%) 0.085 0.001

CCNE1 1 (3.4%) 3 (1.1%) 10 (5.6%) 0.328 1.000

CDK6 1 (3.4%) 20 (7.2%) 7 (3.9%) 0.705 1.000

MCL1 1 (3.4%) 8 (2.9%) 4 (2.2%) 1.000 1.000

MDM2 1 (3.4%) 13 (4.7%) 4 (2.2%) 1.000 1.000

Copy number 
loss(es)

CDKN2A 10 (34.5%) 78 (28%) 47 (26.4%) 0.518 0.376

PIK3R1 1 (3.4%) 1 (0.4%) 1 (0.6%) 0.180 0.261

PTEN 1 (3.4%) 1 (0.4%) 6 (3.4%) 0.180 1.000

*
Pan-Cancer TCGA cohort (n=466)
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TCGA = The Cancer Genome Atlas, HNSCC = head and neck squamous cell carcinoma, SCC = squamous cell carcinoma, HPV = human 
papillomavirus
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