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Supplementary Notes 

Choice of Virus Strain 
We chose to use the viral strain HPV-31 for the following reasons. First, HPV-31 infection has the                 
second highest incidence rate in cervical lesions after HPV-16 (1,2). Second, it is closely related to                
HPV-16 as demonstrated by the cross-protection against HPV-31 infection offered by a vaccine             
targeting HPV-16 (3). Third, HPV-31 has been widely used as a model of a high-risk strain in studying a                   
variety of viral protein functions (4–8). Finally, each viral protein of the HPV-31 clone expresses well                
individually, which has greatly aided our AP/MS experiments. In our hands, certain HPV-16 proteins              
have been more difficult to express. 

However, to further mitigate the concern regarding the selection of HPV-31 we demonstrated             
that both the interactions we followed-up on (E1-Keap1 and L2-RNF20) are conserved with E1 and L2                
from both HPV-31 and HPV-16 (Fig. 4 & Fig. 5).  

Choice of Cell Line System 
There is always a concern about the choice of the best possible cell line system for a study. On one                    
hand, the use of an HPV(–) cancer cell line might pose the risk of missing interactions with proteins that                   
are mutated in HPV(–) cancers. On the other hand, virally transduced cell lines might not be optimal                 
either, since this could mask interactions if a viral protein triggers the degradation of an interaction                
partner. In addition, DNA tumor viruses, which are used in a variety of cell lines to achieve                 
transformation, may have overlapping targets with some of the tested HPV proteins.  

We circumvented this choice by using three different cell lines. C33A cells, the cell line used for                 
our initial discovery PPI screen, are a widely used model cell system to study HPV infection, as                 
demonstrated by 243 publications on PubMed that come up with the search terms “C-33A OR C33A                
OR C-33 A AND HPV”. In addition, they represent a convenient cell line for large scale proteomics,                 
since these cells are easy to culture and transfect reasonably well, producing sufficiently high ectopic               
protein levels to be amenable for AP-MS analysis (Fig. S1). To mitigate possible effects of the chosen                 
cell line system, we then validated our findings in two additional cell lines.  

E7-YAP1 Protein-Protein Interaction 
YAP1, along with FAT1, has been linked to the Hippo signaling pathway, and YAP1 is activated in a                  
wide variety of cancers, including head and neck and cervical cancers (9,10). Interestingly, we find HPV                
E7 interacting with YAP1 in C33A cervical cells, suggesting a possible link between HPV infection and                
YAP1 signalling. However, our integrative approach did not show YAP1 as being close to both proteins                
with preferential HPV(–) mutations and those with strong HPV binding. A recent report showed              
preferential nuclear localization of YAP1 in HPV(+) oropharyngeal squamous cell carcinoma samples            
(11), suggesting further studies of the newly identified E7-YAP1 PPI could prove useful.  

Direct Link of RNF20-L2 Interaction to Increased Invasiveness 
We have attempted CRISPR-mediated inactivation of HPV-16 L2 in the HPV-positive HNSCC cell line              
UD-SCC-2 (SCC2; hypopharynx), using a single-vector lentiviral delivery system with a puromycin            
selection marker (12). We found one guide RNA that achieved a cut frequency of ~45%, as determined                 
by TIDE analysis (13). Subjecting these cells with polyclonal disruptions to a transwell invasion assay,               
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we observed a less invasive phenotype when HPV-16 L2 was targeted by a CRISPR guide RNA                
(Supplementary Fig. S5).  

We would like to note that CRISPR-mediated inactivation of viral genes is on the cutting-edge of                
current scientific progress (14–17), and several factors can hamper this approach. Amongst them are              
possible sequence variations in the viral target sequences, as well as the possibility of multiple               
integration events within any given cell. For HPV specifically, the existence of episomal viral sequences               
cannot be eliminated, as reports have suggested the co-existence of integrated HPV genomes with              
episomal copies in cancer samples (18). Moreover, the lack of suitable antibodies to confirm the loss of                 
viral protein expression further hampered the analysis of these edited cells.  

Validation of Keap1-E1 interaction 
We extended our analysis of the Keap1-E1 interaction to other cell lines. Using targeted proteomics, we                
were able to confirm the reported Keap1-E1 interaction in HEK293 cells, but not a HPV(–) tongue                
squamous cell carcinoma cell line Cal33 (Supplementary Fig. S4a). To rule out an influence of total                
Keap1 levels in the different cell lines, we determined the intensity of Keap1 protein in whole cell                 
lysates using label free quantification (LFQ) by mass spectrometry (19). This analysis revealed             
undetectable levels of Keap1 in Cal33 and HeLa cells, explaining the lack of Keap1 interaction detected                
in E1 IPs from these cells. We also tested a panel of head and neck cancer cell lines: the four HPV(+)                     
cell lines UD-SCC-2 (SCC2; hypopharynx), UM-SCC-47 (SCC47; tongue), UPCI:SCC090 (SCC90;          
tongue), 93UV147T (SCC147T; floor of mouth), and the HPV-negative human esophagus cell line             
Het-1A. This analysis showed the highest detectable levels of Keap1 in the hypopharyngeal cancer cell               
line SCC2 (Supplementary Fig. S4b). Immunoprecipitation of Strep-tagged HPV-31 E1 confirmed the            
association with Keap1 in subsequent Western Blot analysis (Supplementary Fig. S4c). 
 

Supplementary Methods 

Plasmids and Cell Lines 
Plasmids encoding truncation mutants of HPV-31 E1 and L2 were created using PCR-based             
amplification of the truncated sequences using primers introducing restriction sites to allow sub-cloning             
into the original pcDNA4/TO plasmid containing a C-terminal 2x Strep-tag. Deletion mutants were             
created using PCR-based amplification of the complete backbone of the full-length construct using             
outward-facing primers flanking the desired deletion. All constructs were verified by sequencing. Primer             
and plasmid sequences will be shared upon request.  

The four HPV-positive cell lines UD-SCC-2 (SCC2; hypopharynx), UM-SCC-47 (SCC47;          
tongue), UPCI:SCC090 (SCC90; tongue), 93UV147T (SCC147T; floor of mouth) were gifts from Silvio             
Gutkind. These cells, as well as the HPV-negative tongue squamous cell carcinoma cell line Cal33 (20)                
were maintained in high glucose Dulbecco’s modified Eagle medium (DMEM) supplemented with 10%             
fetal bovine serum (FBS; Invitrogen), 1x non-essential amino acids (UCSF Cell Culture Facility) and              
100 U/mL Penicillin/Streptomycin (Invitrogen). All cell lines were validated by STR analysis using the              
GenePrint® 10 assay (Promega) at the University of California, Berkeley Cell Culture Facility. Reports              
will be made available upon request.  
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Analysis of HPV RNA expression in TCGA samples 
RNA-seq data were downloaded from (21) and (22). Any reads that cannot be mapped to the human                 
reference genome (hg19) were mapped to the genomes of HPV-33, HPV-16 or HPV-35 in case of the                 
HNSCC data and the 18 HPV genomes as listed in (22). HPV-reads were normalized by dividing the                 
number of HPV mapping reads by the raw number of all mapped reads (viral and human). For each                  
HPV gene in each tumor sample the highest expression value across all HPV species was used for the                  
box plots in Supplementary Fig. S3. 

Creation of CRISPR-Mediated Polyclonal Gene Disruptions 
We used the Zhang lab’s GeCKO Lentiviral CRISPR Toolbox, specifically LentiCRISPR v2 (23,24) to              
introduce a puromycin-selectable hSpCas9 and the chimeric guide RNA with a single lentiviral vector.              
For each guide RNA, a pair of annealed oligos designed based on a 20bp target site sequence was                  
cloned into the single guide RNA scaffold following the established protocol           
(http://genome-engineering.org/gecko/?page_id=15). Lentiviral particles were produced from 293T cells        
transfected with plasmids pdR8.91, pCMV-VSVg (pMD2.G) and the LentiCRISPR v2 plasmid versions            
containing the respective guide RNA sequence using PolyJet, supernatants harvested 2 days post             
transfection, cleared by passing through 0.22 µm filters, concentrated with 8.5% of PEG-6000 and 0.3M               
of NaCl and resuspended in PBS. 5x104 cells were seeded in 24-wells and transduced with 20ul                
purified lentiviral particles. Polyclonal population of stable cells were selected using 2.5 µg/mL             
puromycin (Calbiochem) 48 hr post transduction. 4 days later, half the cells were harvested for TIDE               
(Tracking of Indels by Decomposition) analysis, and the remainder maintained at a concentration of 2               
µg/mL puromycin. The following guide RNAs were used: 

 

PCR Amplification of Target Regions and TIDE Analysis 
Primers (IDT) were designed using the Primer3 webtool (http://bioinfo.ut.ee/primer3-0.4.0/primer3),         
using the following restrictions: Product Size: 500-700 bp, Primer Size: 20/22/26, Oligo Tm: 60/61/63°C,              
Tm difference: 1°C. Ensembl (www.ensembl.org) was used to obtain the reference sequence flanking             
the target guide sequence. For HPV-16 sequences, isolate 16W12E (accession AF125673) was used             
as a reference. The following TIDE primers were used:  
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For extraction of genomic DNA, cells were lysed in 50 µl QuickExtract solution (Epicentre),              

followed by 20 min incubation at 65°C and 10 min at 95°C, and 1.25 µl were used in 25 µl PCR                     
reactions, using the high fidelity polymerase Phusion (ThermoFisher) and above primer pairs at a final               
concentration of 800 nM, and dNTPs at a final concentration of 400 nM each. The thermocycler setting                 
consisted of one step at 95°C for 5 min, followed by 14 cycles at 94°C for 30 sec, 65°C for 20 sec, and                       
72°C for 1 min (wherein the annealing temperature was decreased by 0.5°C per cycle), followed               
by 20 cycles at 94°C for 30 sec, 58°C for 20 sec, and 72°C for 1 min with one final step at 72°C for                        
10 min. PCR cleanup was performed either following gel-purification of the fragments using             
NucleoSpin Gel and PCR Clean-Up (Macherey Nagel) or ordered through Quintarabio (San Francisco,             
CA), followed by sequencing using one of the PCR primers. Sequencing traces were then analyzed               
using the TIDE webtool (https://tide.nki.nl/) (25).  

Quantitative Mass Spectrometry 
Parallel reaction monitoring (PRM) assays were generated for E1-Keap1 interaction using Skyline (26).             
For all targeted proteins, proteotypic peptides and optimal transitions for identification and quantification             
were selected based on a spectral library generated from the data dependent MS experiments.              
Digested peptide mixtures were analyzed by LC-SRM on a Thermo Q-Exactive Plus MS system              
equipped with a ThermoEasy nLC 1200 ultra high-pressure liquid chromatography and autosampler            
system. Samples were injected onto a C18 column (25 cm x 75 mm I.D. packed with ReproSil Pur C18                   
AQ 1.9 mm particles) in 0.1% formic acid and then separated with an 56 min gradient from 4% to 32%                    
Buffer B (90% ACN/10% water/0.1% formic acid) at a flow rate of 300 nl/min. The resulting data was                  
analyzed with Skyline for identification and quantification of peptides.  

Analysis of KEAP1 abundance from whole cell lysate was determined by data dependent mass              
spectrometry experiments on a Thermo Q-Exactive Plus MS similarly as described above for PRM              
assays, except peptide identification and protein quantification was performed using MaxQuant           
Label-free quantification (27,28). 
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Legends to Supplementary Tables 
Supplementary Table S1 | Previously Reported HPV-Human PPIs.  
Related to Figures 1 and 2. Separate Excel file. 
Interactions supported by evidence from at least two publications were included in this list. Previously               
well-defined PPIs that were not detected in our data set at all were excluded from this analysis, but are                   
listed in the table. Sheet “overlap with APMS studies” lists PPIs that were detected in previous                
high-throughput studies, but not confirmed in other reports. These are also marked in Figure 2. 

Supplementary Table S2 | MiST Scores for all HPV-Human PPIs.  
Related to Figures 1 and 2. Separate Excel file. 
MS Data for all proteins detected in the HPV interactome. Individual sheets for the three cell lines                 
contain the respective data. Abundance, Reproducibility, and Specificity refer to the individual            
component scores for each feature of the MiST score. MiST is a composite score of the weighted                 
combination of these three components. The “high confidence PPIs” sheets contain only interactors             
with MiST scores ≥ 0.75. 

Supplementary Table S3 | Gene Ontology Terms.  
Related to Figure 1. Separate Excel file. 
Gene Ontology enrichment results using the DAVID Functional Annotation Tool          
(https://david.ncifcrf.gov). Sheet “Cellular Component” shows results for all viral baits for           
GOTERM_CC_ALL, otherwise using standard settings. Sheet “Processes and Pathways” shows results           
for all viral baits using standard settings. Terms summarized in the respective “Summary” sheets are               
highlighted in bold. 

Supplementary Table S4 | Differentially Mutated Genes in HPV(–) vs. HPV(+) Samples.  
Related to Figure 3. Separate Excel file. 
Logistic regression statistics to assess the difference in mutation rate by HPV status. Column A shows                
gene names. Deviance (Column B) was calculated as the log likelihood ratio by comparing the               
complete model including HPV status and covariates against a null model that includes covariates only.               
The deviance fit a chi-squared distribution with a single degree of freedom. Thus, a chi-squared test                
p -value (Column C) was calculated to assess the association between the HPV status and the mutation                
profile of a gene. Coefficients (Column D, β1 in Eq. 1) learned by logistic regression represent effect                 
size (i.e. the odds of mutation is in HPV(–) versus HPV(+) cancers). Columns E-G contain mutation                
rates in different groups of patients. Column H indicates if a gene has activating mutations (i.e.                
oncogenes) or inactivating mutations. 
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Supplementary Table S5 | Genes with Combined Significance in both HPV Interaction and             
Genetic Alteration.  
Related to Figure 3. Separate Excel file. 
Network propagation statistics of the genes with combined significance. Column A shows gene names.              
Original HPV interaction (MiST, Cloumn B) and differential mutation (Deviance, Column E) scores were              
separately propagated across the ReactomeFI network to obtain propagated scores (Columns C, F).             
The product of the two propagated scores were defined as the combined propagated score (Column               
H). The two propagated scores and the combined score were compared against null distributions by               
20,000 permutations to obtain empirical p -values characterizing the significance in either or both             
propagations (Columns D, G, I). q -values (Column J) of combined significance were then calculated              
using the Storey approach. 

Supplementary Table S6 | Differentially Expressed Genes upon L2 Overexpression.  
Related to Figure 5. Separate Excel file. 
Differentially expressed genes in response to L2 overexpression. The up-regulated genes (Sheet            
“Up-regulated”) and down-regulated genes (Sheet “Down-regulated”) are ranked by their significance.           
In both sheets, gene names (Column A), fold change in gene expression between L2 and GFP                
overexpression samples (Column B), RankProd p -values (Column C), and false discovery rate (FDR,             
Column D) are shown. Sheet “Gene set enrichment analysis” shows manually curated gene sets of               
differentially expressed genes upon L2 overexpression. Manually grouped categories (Column A), gene            
sets (Column B), significance of up- and down-regulated gene sets (-log10(FDR), Columns C, D), and               
related genes (Column E) are shown. 

Supplemental Data for Reviewers | Uncropped Western Blot Membranes.  
Related to Figures 4 and 5. Separate pdf file.  
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Supplementary Figures S1-S5 

 

Supplementary Figure S1 | Quality Control of Affinity Purifications.  
Related to Figure 1 & 2. Quality of affinity purifications from C33A cells was checked by Western Blot                 
analysis (WB) using an antibody against the Strep-tag (a) and silver stain analysis of eluates (b). WB of                  
similar amounts of input sample from HEK293 (c) and Het-1A (d) cells. Membranes were probed with                
the same antibody against the Strep-tag, and exposed for 3 min (c) and 10 min (d), respectively. Bands                  
for bait proteins that are only slightly visible are marked with a red asterisk. 
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Supplementary Figure S2 | Overlap of PPIs Across Cell Lines.  
Related to Figure 2. Venn diagram showing the overlap between high-confidence interactions detected            
in the three cell lines tested.  
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Supplementary Figure S3 | HPV RNA Expression Levels in HPV-Associated Cancers.  
(a) HPV RNA expression in cervical cancer patients from TCGA. Boxplots show the distribution of RNA                
expression of each gene (center line, median; upper and lower hinges, first and third quartiles;               
whiskers, highest and lowest values within 1.5 times the interquartile range outside hinges; dots,              
outliers beyond 1.5 times interquartile range). (b) E1 and L2 mRNA levels in different HNSCC cell lines.                 
Threshold cycles (Cq value) for HPV-16 E1 (green), HPV-16 L2 (blue) and GAPDH (red) as a control,                 
are displayed as measured by quantitative PCR.  
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Supplementary Figure S4 | HPV E1 interaction with Keap1 in different cell lines.  
(a) Targeted proteomics comparison of endogenous Keap1 captured by affinity purification of            
Strep-tagged baits indicated on the x-axis in 3 different cell lines. Data from three biological replicates                
are presented as mean ± SD; n.d. = not detected. (b) Label-free quantification (LFQ) of Keap1 peptides                 
in whole cell lysates of the indicated cell lines. (c) Western Blot analysis of virus-host interaction by                 
immunoprecipitation (IP) using streptavidin-coated beads to bind the Strep-tag. Proteins indicated on            
the right of each blot from IP and input samples were detected using the antibodies indicated. Bands                 
were cropped from the same original membrane. 
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Supplementary Figure S5 | Effect of L2 disruption on invasion.  
Transwell migration assay of HPV(+) control UD-SCC2 hypopharyngeal cancer cells (gNT:           
non-targeting, vector) compared to polyclonal disruptions of HPV-16 L2 (gHPV L2 #1). Individual dots            
with centerline (mean) and error bars (standard deviation) show the number of invaded cells per image                
(p-value from two-tailed t-test). 
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