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Supplementary Figure 1. Representative photomicrographs of HPV-independent (left column) and 
HPV-associated (right column) SNSCC. Rows correspond to different staining techniques: RNAscope HR-HPV 
in situ hybridization for high-risk HPV E6/E7 RNA (top row), p16 immunohistochemistry (middle row), and 
hematoxylin and eosin (H&E, bottom row). All images were captured at 40× magnification, and a scalebar of 10 
µm is included in each panel.
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Supplementary Figure 2. High-throughput sequencing of HPV-independent SNSCC reveals distinct 
mutational patterns. (A) Whole-exome sequencing was performed in HPV-independent SNSCC with 
matched normal DNA (n=7) and somatic variants assessed using a panel of normal genomes. Mutations in all 
genes are represented. (B) Whole-exome sequencing was performed in HPV-independent SNSCC without 
matched normal DNA (n=12) and somatic variants assessed using a panel of normal genomes. Mutations in 
all genes are represented. Source data are provided as a Source data file.
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Supplementary Figure 3. High-throughput sequencing of HPV-associated SNSCC reveals 
distinct mutational patterns. (A) Whole-genome sequencing was performed in HPV-associated 
SNSCC with matched normal DNA (n=12) and somatic variants were assessed. Mutations in all genes 
are represented. (B) Whole-genome sequencing was performed in HPV-associated SNSCC without 
matched normal DNA (n=25) and somatic variants assessed using a panel of normal genomes. 
Mutations in all genes are represented. Source data are provided as a Source data file.
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Supplementary Figure 4. HNSCC and CSCC lack KMT2C N729D mutations and MT-ND5 
frameshift insertion/deletions at c.891-892 or c.1278-1279. (A) TCGA was evaluated for 
KMT2C mutations in HNSCC and 0/46 N729D mutations were observed. (B) TCGA was 
evaluated for KMT2C mutations in CSCC and 0/32 N729 mutations were observed. (C) TCGA 
was evaluated for MT-ND5 mutations in HNSCC and 0/3 MT-ND5 c.891-892 or c.1278-1279 
frameshift insertion/deletions were noted. (D) TCGA was evaluated for MT-ND5 mutations in 
CSCC and 0/12 MT-ND5 c.891-892 or c.1278-1279 frameshift insertion/deletions were noted. 
Source data are provided as a Source data file.



Supplementary Figure 5. HNSCC and CSCC either lack or have few mutations in AP3S1, 
UBXN11, and MT-ND4. TCGA was evaluated for AP3S1 mutations in HNSCC (A) and CSCC (B) and 
few mutations were observed. TCGA was evaluated for UBXN11 mutations in HNSCC (C) and CSCC 
(D) and few mutations were observed. TCGA was evaluated for MT-ND4 mutations in HNSCC (E) and 
CSCC (F) and few mutations were observed. None of the recurrent changes in these genes were seen 
as in HPV-associated SNSCC. Source data are provided as a Source data file.
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Supplementary Figure 6. Additional pathway enrichment in HPV-independent and HPV-associated SNSCC.
(A) Additional dox plot comparisons of pathway enrichment in HPV-independent and HPV-associated SNSCC.
(B) Signature profiles in the HPV-associated SNSCC cohort. Source data are provided as a Source data file.
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Supplementary Figure 7. No association with overall survival and FGFR3 mutation status 
in HNSCC. (A) HPV-associated HNSCC from TCGA with FGFR3 mutations and overall 
survival (P = 0.2889). Source data are provided as a Source data file.
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Supplementary Figure 8. Survival Analysis of HPV-Associated and HPV-Independent 
SNSCC. HPV-associated SNSCC showed a trend toward improved survival, but this was not 
statistically significant (P = 0.2362). Source data are provided as a Source data file.

0 50 100
0

50

100

Months

Pr
ob

ab
ili

ty
 o

f S
ur

vi
va

l HPV-

HPV+

p = 0.2362



Supplementary Figure 9. Analysis of viral integration breakpoints in HPV-associated SNSCC. Distribution of 
breakpoints across HPV genomes detected in HPV-associated SNSCC samples. For each HPV type, the upper panels 
display the depth of viral genome coverage, while colored vertical lines indicate detected integration breakpoints 
along the viral genome. The lower panels outline the genomic structure of the HPV genome, including annotated 
regions (e.g., E1, E2, E5, E6, E7, L1, L2, α and URR). Chromosome junctions are represented by colored bars 
corresponding to chromosomal locations, as shown in the legend at the bottom. Source data are provided as a Source 
data file.
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Supplementary Figure 10. Enrichment of integration events across repetitive elements and fragile sites in 
HPV-associated SNSCC. (A) Observed (red) versus expected (gray) integration events across repetitive elements, 
with significant enrichment in SINE, LINE, and simple repeats (***p < 0.001). (B) Integration events at fragile 
sites, with all 27 events overlapping fragile sites. Significant enrichment is seen in FRA2S, FRA13E, FRA19B, 
FRA1H, FRA1L, and FRA6B (*p < 0.05, ***p < 0.001). Source data are provided as a Source data file.

A

B



Supplementary Figure 11. HPV genotype distribution and integration frequencies in SNCC, CESC, and 
HNSCC. (A) Distribution of HPV genotypes in SNCC (n=33), CESC (n=1100), and HNSCC (n=42). Donut charts 
illustrate the proportional representation of HPV genotypes, with HPV16 (red) the most prevalent across all cancer 
types. The legend identifies HPV types corresponding to each color. (B) Distribution of integration frequencies 
across chromosomes in SNCC, CESC, and HNSCC. Integration events per 100 are shown for each chromosome. 
Similarities in integration event distribution are noted across the three cancer types. Source data are provided as a 
Source data file.



Supplementary Figure 12. Pathway alteration comparison of HPV-associated disease. Incorporation of 
mutation and copy number alteration analysis reveals targetable pathways enhanced in HPV-associated SNSCC 
(left), compared to HPV-associated HNSCC (middle), and HPV-associated CESC (right). Created in BioRender. 
Team, S. (2025) https://BioRender.com/j76q749. Source data are provided as a Source data file.
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Supplementary Figure 13. Pathway alteration comparison of HPV-independent disease. Incorporation of 
mutation and copy number alteration analysis reveals targetable pathways enhanced in HPV-independent SNSCC 
(left) compared to HPV-independent HNSCC (right). Created in BioRender. Team, S. (2025) 
https://BioRender.com/e33g638. Source data are provided as a Source data file.
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Supplementary Figure 14. Validation of HPV-associated SNSCC cell line. (A) H&E staining 
of original primary tumor. (B) Bright field image and Immunofluorescence staining for (C) P63, 
(D) cytokeratin AE1/AE3, and (E) P40 of cell line established from primary tumor. Scale bar in 
A and B are 400 µm and 200 µm in C-E. 


