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SUMMARY

Cervical cancer (CC) that is caused by high-risk human papillomavirus (HPV) remains a significant public
health problem worldwide. HPV integration sites can be silent or actively transcribed, leading to the produc-
tion of viral-host fusion transcripts. Herein, we demonstrate that only productive HPV integration sites were
nonrandomly distributed across both viral and host genomes, suggesting that productive integration sites
are under selection and likely to contribute to CC pathophysiology. Furthermore, using large-scale, multi-
omics (clinical, genomic, transcriptional, proteomic, phosphoproteomic, and single-cell) data, we demon-
strate that tumors with productive HPV integration are associated with higher E6/E7 proteins and enhanced
tumor aggressiveness and immunoevasion. Importantly, productive HPV integration increases from carci-
noma in situ to advanced disease. This study improves our understanding of the functional consequences
of HPV fusion transcripts on the biology and pathophysiology of HPV-driven CCs, suggesting that productive
HPV integration should be evaluated as an indicator of high risk for progression to aggressive cancers.

INTRODUCTION

Cervical cancer (CC), which is often caused by high-risk human
papillomavirus (HPV), remains the second most common malig-
nancy of the female reproductive system worldwide and the
eighth most frequent cause of death.’ Although mortality rates
have declined significantly with the implementation of prophy-
lactic vaccination and successful screening strategies in First

Gheck for
Updates

World countries,? CC continues to be a significant public health
problem, particularly in low-income countries with limited ac-
cess to high-quality health care.®

HPV integration into the host genome is a critical etiological
event in cervical carcinogenesis and progression.*> HPV integra-
tion sites have been reported to be randomly distributed
throughout the host genome.® However, conflicting results exist
with regard to a potential role for nonrandom integration in
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Figure 1. Characteristics of HPV integration at genomic and transcriptional levels

(A) Distribution of genomic and transcriptional HPV integration in the human genome in 98 cervical cancers. The outer circle represents the human genome, with
chromosomes labeled 1-22, X, and Y. The middle and inner circles represent the distribution of genomic (DNA) and transcriptional (RNA) HPV integration across
the human genome. The human genome is separated into 500 kb bins, and the number of samples that had an integration site in each bin was counted and
colored red (DNA) or blue (RNA). Recurrent protein-coding genes closest to integration sites are labeled.

(B and C) Representative diagrams for productive (B) and silent (C) HPV integration. (Top) HPV genomic regions colored by gene. (Middle) Read depth of HPV
genome (colored red) derived from VCS (virus capture sequencing) data. The bases under the graph are the chimeric sequence supporting the HPV DNA
integration site and colored by source (red for HPV and blue for human). (Bottom) Read depth of HPV-human fusion transcripts derived from RNA sequencing
(RNA-seq). Read depth of HPV is colored red and that of human is colored blue. The loci of the genomic integration site on HPV and human are linked by red lines
and that of the transcriptional integration site is linked by a pink line. The gap between genomic and transcriptional integration sites on the human genome is
colored orange.

(D) Cumulative distribution plot for the gaps between RNA fusion sites and their proximate DNA breakpoints within samples.

(E and F) Comparisons of the observed and expected percentages of breakpoints in various regions of the HPV16 genome (E) and the human genome (F) in silent
and productive HPV integration. The expected values for the indicated HPV regions were calculated by random selection of breakpoints across the HPV genome.
The p values were calculated by two-sided chi-square test. CFS, common fragile site; Alu, Alu element; ERV1, endogenous retroviral sequence 1; rRNA,
ribosomal RNA.

(G) Density plot of the supporting reads from VCS for productive or silent HPV integration sites.

(H) Comparison of DNA and RNA HPV integration events within samples. HPV integration events are clusters of integration sites made by grouping integration
sites within 500 kb in each sample. The bars are colored according to the number of integration events in each patient.

transcriptionally active regions or near to cancer-related genes.”’
These contradictory results are at least partially attributable to
discordant results from genomic sequencing (whole-genome
sequencing, HPV captured sequencing), RNA sequencing (RNA-
seq), and molecular (PCR-based MassARRAY assay) approaches.
Moreover, whether HPV integration and production of fusion tran-
scripts (productive integration) is associated with a selective
growth advantage during progression of CC remains unclear.

2 Cell Genomics 3, 100211, January 11, 2023

By assessing the consequences of HPV genomic integration in
acohort of 106 CC patients, we demonstrate that HPV integration
leading to expression of fusion transcripts is associated with CC
progression. Further, multidimensional integrative analyses (clin-
ical, pathological, genomic, transcriptional, proteomic, and phos-
phoproteomic data) demonstrate that differences between silent
and productive HPV integration have the potential to inform pa-
tient management. Single-cell RNA-seq (scRNA-seq) reveals
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Figure 2. Impacts of various HPV integrations on local transcriptome and HPV oncoproteins

(A) Cumulative distribution curves for somatic copy number alteration ranks for genes near productive or silent HPV integration sites.

(B) Fold change in somatic copy number for genes near productive or silent HPV integration sites.

(C) Cumulative distribution curves for mMRNA abundance ranks for genes near productive or silent HPV integration sites.

(D) Fold change in mRNA expression for genes near productive or silent HPV integration sites.

(E) Frequency of five types of DNA-RNA integration models based on DNA and RNA breakpoints of the most highly expressed fusion transcripts in individual
patients. DNA breakpoints are labeled by red and RNA breakpoints are labeled by orange. Boxes of the same color represent exons of the same gene, and
different colors represent different genes.

(F) An example of the type d DNA-RNA integration model with HPV integration at the TP63 gene region in patient MOCC-0015. (Top) Read depth of HPV-human
fusion transcripts spliced from HPV to the 14" exon of TP63 derived from RNA-seq data. (Middle) HPV DNA integration pattern inferred from VCS data. (Bottom)
The transcriptional read depth of the TP63 gene region in patient MOCC-0015 and average read depth in other patients.

(G) Consensus motif of virus-host fusion transcripts around the breakpoints in the host genome. Bases located within +12 bp of the breakpoints were included for
analysis.

(H) Fold change in mMRNA expression of genes near productive HPV integration sites according to the location of the integration site relative to the gene (exonic,
intronic, or near).

(legend continued on next page)
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the heterogeneity of the effects of HPV integration on transcrip-
tional reprogramming in tumor cells and cell-immune interactions
that increase our understanding of the effects of silent and pro-
ductive HPV integration on CC pathophysiology.

RESULTS

Silent and productive HPV integration is associated with
different functional consequences

To investigate the effects of HPV integration on the progression
of CC, we performed multi-omics analyses, including high-
throughput HPV capture sequencing, whole-exome sequencing,
transcriptome sequencing, proteomics, and phosphoproteo-
mics in paired tumors and normal adjacent tissues from 98
CCs. An additional 8 CC tumors were profiled by scRNA-seq
to examine the heterogeneity of HPV integration status and func-
tional effects on transcriptional reprogramming. Among the 98
CCs, 72 were HPV16 positive, 6 were HPV18 positive, and 2
were HPV negative, with the rest comprising other viral strains
such as HPV58 and HPV31. Detailed clinical parameters and
molecular assays performed on each patient are shown in
Figures S1A and S1B and Table S1.

Genomic HPV integration was detected with our virus capture
sequencing (VCS)* technology using an algorithm that de-
creases false positives.® In total, 762 virus-host DNA fusion
breakpoints were found in 90 of 98 CCs (Table S1). Six HPV(+)
tumors did not demonstrate HPV integration, and 2 CCs were
HPV negative. Genomic HPV integrations were further subclas-
sified as human-HPV or HPV-human, based on the direction of
the HPV sequence fusion to the host genome (see STAR
Methods and Figure S1C).

To study the distribution of HPV integration sites across the
human genome, we separated the genome into 500 kb bins
and counted the samples that had an integration site in each
bin. As our study was performed only in XX women, we found
that genomic HPV integration breakpoints were broadly distrib-
uted across all chromosomes, excepting the Y chromosome
(Figure 1A), and only 21 recurrent integration regions were iden-
tified in two or more CCs, including genomic regions near FHIT
(in 3 of 90 patients), TP63 (in 2 of 90 patients), and KLF5 (in 2
of 90 patients), which is consistent with our previous study”
(Figure 1A).

In contrast, the assessment of fusion transcripts in RNA-seq
data revealed only 388 virus-host RNA fusion breakpoints, sug-
gesting that not all genomic HPV integration sites were tran-
scribed. We subsequently assessed the relationships between
HPV DNA and RNA integration sites. Because of RNA splicing,
there are gaps between DNA integration sites and their RNA
fusion breakpoints (Figures 1B and 1C). We first evaluated the
distances between RNA integration sites and their nearest

Cell Genomics

genomic integration sites. Interestingly, most RNA integration
sites were within 40 kb of the proximal DNA breakpoint (Fig-
ure 1D), while 379 (97.7%) of the RNA integration sites were
less than 100 kb from their associated genomic site. Thus,
DNA integration sites were defined as productive if there existed
an RNA integration site <100 kb from its associated site in the hu-
man genome with identical integration type in the same tumor
(see STAR Methods). Overall, 142 (18.6%) of the genomic inte-
gration sites were defined as productive DNA integrative sites
(Figure S1D). Furthermore, we found that the most highly ex-
pressed fusion transcripts (Figures S1E) were initiated from the
promoter in the viral upstream regulatory region (URR), which re-
sulted in fusion transcripts including the E6/E7 genes, with the E1
and E2 genes commonly being disrupted (Figure 1B), suggesting
that fusion transcription is primarily driven by the URR within the
viral genome.

We subsequently explored genomic features differentiating
productive and silent HPV integration sites. First, silent break-
points were distributed randomly across the viral genome (Fig-
ure 1E, right). In contrast, productive integration was
nonrandom, with a statistically significant increase in break-
points in the E7 region and a tendency for an increase in the
E2 region of HPV (Figure 1E, left). This was associated with a sta-
tistically significant decrease in breakpoints located in the L2 re-
gion and LCR-E6-E7 viral regions (Figure 1E, left). Secord, silent
integration sites were similarly distributed randomly across the
human genome (Figure 1F, right). In contrast, there was a statis-
tically significant increase in productive integration breakpoints
within introns, common fragile sites (CFS), and Alu regions and
a tendency for increases in exonic regions (Figure 1F, left). This
was associated with a statistically significant decrease in break-
points located in intergenic regions (Figure 1F, left). The differ-
ences in the randomness of silent and productive integration
may contribute to previous discrepant reports related to
randomness of HPV integration.”®'° Furthermore, the nonran-
domness of productive integration sites is consistent with a
contention that productive integration sites are under selective
pressure and likely contribute to CC pathophysiology. Third, pro-
ductive integration sites had more reads supporting DNA inte-
gration than silent integration sites (Figure 1G). Notably, the
featured characteristics of both productive and silent integration
sites in the total CC population are recapitulated in HPV16-pos-
itive tumors (Figure S1F).

Different nearby HPV integration sites may be from the same
integration event, due to viral sequence amplification in DNA
and alternative splicing in RNA. So, we grouped HPV integration
sites near one another (<500 kb apart based on a previous
study'") within the same samples into a DNA or RNA “integration
event.” Interestingly, while nearly half of the tumors had two or
more DNA integration events, only one HPV RNA integration

(I) Cumulative distribution curves for protein abundance ranks for genes near productive or silent HPV integration sites.

(J) Western blot (left) and relative quantification (right) of HPV16 oncoproteins and the indicated host proteins in HPV16-positive patients. NAT, normal adjacent
tissue. In (A), (C), and (1), the ranks of the genes near HPV integration sites (<40 kb) were determined by ranking the corresponding value of each gene in the sample
harboring the integration site with all other samples lacking the integration site. The p values were calculated by comparing the curve with that of 500 random
sampling sites (gray) using a two-sided Kolmogorov-Smirnov test and shown as the median value of 500 replicates. In (B), (D), and (G), the fold changes in the
genes (<40 kb from integration sites) were calculated by comparing the corresponding value of genes in the sample harboring the integration site with the same
gene in all other samples lacking the integration site. The p values were calculated by two-sided Wilcoxon rank-sum test if not specified.

4 Cell Genomics 3, 100211, January 11, 2023
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event was found across the majority of patients (Figure 1H),
further supporting selection of the host cells with productive inte-
gration. Moreover, there were a number of samples with an
observed DNA integration event but no RNA integration event,
supporting the existence of silent HPV integration Figure 1H).

Impacts of various HPV integrations on the local
transcriptome
We next determined whether productive or silent integration
sites were associated with changes in focal genome structure
and gene transcription. Consistent with a previous study,'?
DNA copy number variation (CNV) increases were colocalized
with HPV integration sites (Figures 2A and 2B). However, pro-
ductive integration sites were statistically significantly more likely
to be associated with focal CNV amplification than silent integra-
tion sites (Figures 2A and 2B). Strikingly, using a 40 kb region,
productive but not silent HPV integration was associated with
an increase in the expression of host genes (Figures 2C and 2D).
Polyadenylation is important for mRNA stability and transla-
tional efficiency.’® The disruption of the E7 or E2 region (Fig-
ure 1E) renders the viral early polyadenylation signal (PAS)
unavailable for polyadenylation of viral E6/E7 bicistronic tran-
scripts, and thus, the expression of E6/E7 transcripts is depen-
dent on a host PAS in close proximity to the insertion site. As indi-
cated in Figures 1B and 1C, expression of fusion genes is under
control of the viral URR,'* and alternative splicing between virus
and host contributes to formation of virus-host fusion transcripts
by hijacking a host 3’ splice site and the host RNA PAS
(Figures 1B and 1C). We thus explored the location of the most
highly expressed breakpoints in DNA and RNA for productive
expression in each sample and found that the expression of
fusion RNAs could be separated into five models based on
whether the DNA and RNA breakpoints were exonic, intronic,
or intergenic (Figure 2E). The majority of the productive integra-
tion sites had both the DNA and the RNA breakpoint in the inter-
genic region, with the next most common being the DNA break-
point in the intronic region and the RNA breakpoint in an exonic
region. Where RNA breakpoints are in exons (type d, Figure 2E),
the 3’ splice sites in the exon and the polyadenylation sites of the
corresponding gene are involved in the facilitated production of
the fusion transcripts. Surprisingly, the more common fusion
transcripts with both DNA and RNA breakpoints in an intergenic
region (type c, Figures 2E and 2F) indicate that functional polya-
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denylation sites exist in the intergenic region that were used by
virus-host fusion transcripts (Figures 2E, S2A, and S2B). We
also found splice motifs located within +12 bp of the breakpoints
in the host genome for viral-host fusion transcripts that were
identical to canonical alternative splice sites of coding genes
(Figure 2G)."® Strikingly, only cases in which the RNA breakpoint
was in an exonic region, and not in an intron or located upstream
or downstream of the gene within 40 kb (near), demonstrated an
increase in transcript levels (Figure 2H). However, even for fusion
transcripts with the RNA breakpoint in exonic regions, the resul-
tant transcripts were unlikely to produce endogenous host pro-
teins (Figure 2F). As an example, for patient MOCC-0015, the
DNA integration site was in the 13" intron of TP63 with the cor-
responding RNA fusion integration site in the 14" exon based on
an alternative splice site (Figure 2F, middle). Thus, the viral-host
fusion transcripts undergo alternative RNA splicing with the 14™
exon of gene TP63 (Figure 2F, top). Importantly, only fusion tran-
scripts including the 14™ exon were substantially increased,
whereas there was no detectable increase in the transcription
of the 13" exon, which is upstream of the DNA integration site,
compared with samples without HPV integration in the same
genomic region (Figure 2F, bottom). Moreover, in tumors with
type c integration, the productive HPV integrations induced
aberrant viral-host fusion transcripts (Figures S2A and S2B).
Notably, these intergenic regions were commonly transcription-
ally silent in all other tumors lacking the integration breakpoint
(Figures S2A and S2B, bottom).

Moreover, no significant changes in host protein (<40 kb from
the integration site) levels were found in cases with productive inte-
gration compared with tumors without HPV integration in the same
genomic regions by analyzing mass spectrometry proteomics
data (Figures 21 and S2C). Altogether, it appears that productive
integration results in an aberrant viral-host fusion transcript that
does not produce an endogenous human protein. This is consis-
tent with previous studies showing that viral integration does not
usually result in production of normal host transcripts or, thus, pro-
teins from genes located at or near the integration site.'®

Association of HPV oncoprotein expression with
different integration patterns

As indicated above, CC tumors can be classified into three
types: nonintegrated (no detected integration site), productive
integrated (at least one productive DNA or RNA integration

Figure 3. Multi-omics characterization demonstrates differences between HPV-integrated and -nonintegrated cervical cancers

(A) Scatterplot of normalized enrichment scores (NES) of enriched terms in both transcriptome and proteome data. The red dots represent significantly
enriched (INES| > 1.5, p < 0.05) terms of GO biological processes (GO BP) in both transcriptome and proteome. The p values were adjusted for the Benjamini-
Hochberg procedure.

(B) Enrichment plots of significantly enriched terms from the Molecular Signatures Database (MSigDB) in transcriptome (top) and proteome data (bottom). The
p values were adjusted for the Benjamini-Hochberg procedure.

(C) Plots of immune cells inferred by xCell. Bars indicate the standard deviation (SD), with black dots depicting the mean. The p values were derived by two-sided
Wilcoxon rank-sum tests. *p < 0.05, **p < 0.01.

(D) Boxplots of indicated protein pathway scores. Boxes indicate the SD with bold horizontal lines representing the mean. The p values were derived by two-sided
Wilcoxon rank-sum tests.

(E) Heatmaps for significantly differentially expressed molecular features between HPV-integrated and -nonintegrated CCs. Molecular features annotated to
pathways are shown on the right.

(F) Scatterplot of differentially expressed genes between HPV-integrated and -nonintegrated CCs at mRNA (y axis) and protein levels (x axis). Red dots represent
significantly differentially expressed genes from both transcriptome and proteome. The blue line demonstrates linear fitting for cross-omics correlation. The r and
p values were computed by Spearman’s correlation.
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Figure 4. Multi-omics characterization demonstrates differences between productive and silent integrated cervical cancers
(A) The percentage of silent or productive HPV integration status in cervical cancers at various clinical stages (left). The forest plot depicts the associations
between clinical characteristics and HPV integration status analyzed by multivariate linear regression. Red and green dots refer to clinical characteristics favoring
productive or silent HPV integration, respectively (right).

(legend continued on next page)
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site), and silent integrated (DNA integration with no RNA integra-
tion site) (Figure S2D). Notably, HPV A7 clades were more likely
to be associated with productive HPV integration, confirming
previous observations that HPV18 is strongly associated with
the production of fusion transcripts (Figure S2D).'? Interestingly,
productive integrated tumors had lower levels of E7, E2, E4, and
E5 transcripts than nonintegrated or silent tumors. Unexpect-
edly, E6 and E7 transcripts were similar across the integration
types (Figure S2E). E6/E7 transcripts may be derived from nonin-
tegrated HPV or integrated HPV fusion transcripts. Consistent
with the reported higher stability of viral-cellular chimeric tran-
scripts compared with those derived from viral DNA,'© we found
that E6 and especially E7 proteins were remarkably higher in pro-
ductive integrated tumors than in silent integrated or noninte-
grated tumors as detected by western blot (Figure 2J). p53 and
RB proteins, the targets of E6 and E7, respectively, were lower
in productive integrated CCs. Furthermore, the percentage of
E6 splicing was markedly higher in productive integrated tumors
than in silent integrated or nonintegrated tumors (Figure S2F).

Multi-omics characterization demonstrates differences
between HPV-integrated and -nonintegrated CCs

HPV integration into host DNA is regarded as important but not
as a prerequisite for CC development.>'” Consistent with this
concept, we found eight nonintegrated CCs in our cohort. To
determine whether HPV-integrated and -nonintegrated CCs
have different molecular characteristics, we performed gene
set enrichment analysis (GSEA) using transcriptome and prote-
omics data. The results of GSEA using mRNA and proteome
data were well correlated (92% of significantly enriched items
matched). Functional inference using protein and transcriptome
data both converged on biological networks of extracellular ma-
trix (ECM) (cell adhesion, cell development, and morphogenesis
terms) and epithelial-mesenchymal transition (EMT) in noninte-
grated tumors compared with integrated tumors (Figures 3A,
3B, and S3A-S3E). Proliferation-related processes (cell cycle,
DNA replication, E2F1 signaling), which can be dysregulated
by HPV E6 and E7, were elevated in integrated tumors compared
with nonintegrated tumors (Figures 3A, 3B, and S3A-S3E). HPV-
integrated tumors also had marked immune-response-related
processes (T and B cell-mediated immunity and interferon-
related pathways) compared with nonintegrated tumors
(Figures 3A, 3B, and S3A-S3E). This was supported by xCell'®
cell-type-specific deconvolution of transcriptional data that
demonstrated nonintegrated tumors with lower immuneScore,
T cells, B cells, and plasmacytoid dendritic cells (pDC) cells, sug-
gesting that nonintegrated tumors are more likely to be immune
“cold” (Figure 3C). Consistent with these observations, protein
pathway score analysis'® suggested that Hippo/YAP1 and
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Whnt/B-catenin pathway activities, which have been associated
with defects in antiviral immunity,>® were elevated in noninte-
grated CCs Figure 3D).

Notably, the differential pathway data in integrated and nonin-
tegrated tumors was evidenced at individual gene levels, which
were also highly consistent among transcriptomics, proteomics,
and phosphoproteomics data (Figures 3E and 3F). And the differ-
ences between them can also be recapitulated in HPV16-posi-
tive tumors (Figures S4A-S4D). Collectively, nonintegrated
CCs displayed distinct transcriptional and proteomic expression
profiles and patterns, supporting the contention that the mecha-
nisms by which tumors with integrated and nonintegrated HPV
arise are distinct.

Multi-omics characterization demonstrates differences
between productive and silent integrated CCs

To clarify the significance of silent and productive integrated
CCs, we first correlated HPV integration status with clinical fea-
tures, which showed that productive integration was associated
with advanced clinical stage (Figures 4A and S5A). Considering
that clinical stage is an important prognostic indicator in CC,
this further supports the concept that productive integration is
associated with more aggressive disease.

GSEA of transcriptome data demonstrated that EMT, prolifer-
ation (E2F1 signaling, DNA replication, and cell cycle), and ECM-
associated pathways were enriched in productive integrated tu-
mors, whereas silent integrated tumors exhibited enrichment of
immune-related terms (T cell activation, lymphocyte differentia-
tion, B cell activation) (Figures 4B-4D and S5B-S5C). Although
both nonintegrated and productive integrated tumors were en-
riched for ECM pathway signatures (Figures 2C and 2D), the
ECM genes upregulated in productive integrated tumors were
enriched for ECM degradation (e.g., SERPINH1, MELTF,
LAMC2, and LAMAS), collagen modification, and integrin pro-
teins (e.g., PLOD1, PLOD2, ITGA3, ITGA6) (Figure 4E), with acti-
vation altering cell migration and promoting invasion.”'*° In
contrast, the ECM gene signatures in nonintegrated tumors
were enriched for proteins mediating cell adhesion and morpho-
genesis (e.g., LAMC1, AGRN, MCAM, PARVA, and NRP2)
(Figure 3F).

Protein pathway score analyses showed that cell cycle, ECM
disassembly, and collagen formation tended to be elevated,
while BCR and TCR signaling were lower in productive inte-
grated tumors than in silent integrated cases (Figure S5D),
similar to the transcriptome analysis. Network models con-
structed for productive integrated tumors using transcriptomic,
proteomics, and phosphoproteomics pointed to both tumor-
intrinsic (EMT, proliferation) and tumor-extrinsic (ECM, colla-
gens) features that are associated with immune evasion and

(B) Scatterplot of NES of enriched terms in both transcriptome and proteome data. The red dots represent significantly enriched (NES| > 1.5, p < 0.05) terms of GO
BP in both transcriptome and proteome data. The p values were adjusted for the Benjamini-Hochberg procedure.
(C) Enrichment plots of significantly enriched terms from MSigDB in transcriptome (top) and proteome data (bottom). The p values were adjusted for the

Benjamini-Hochberg procedure.

(D) Heatmaps for significantly differentially expressed molecular features between productive and silent integrated tumors. Molecular features annotated to

pathways are shown on the right. EMT, epithelial-mesenchymal transformation.

(E) Scatterplot of differentially expressed genes between productive and silent integrated tumors at mRNA (y axis) and protein abundance (x axis) levels. Red dots
represent significantly differentially expressed genes in both transcriptome and proteome. The blue line demonstrates the linear fitting for cross-omics corre-

lation. The r and p values were computed by Spearman’s correlation.
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more aggressive tumors (Figures 4A and S5E). Importantly, anal-
ysis of the productive and silent integrated gene signatures of
samples in TCGA data showed that tumors with productive inte-
grated signature were associated with poor prognosis (Fig-
ure S5F). Moreover, the tumor-intrinsic and -extrinsic features
were recapitulated in HPV16-positive tumors (Figures S6A-S6E).

scRNA-seq reveals differential effects of HPV negative
and silent and productive integrated HPV

To elucidate intratumoral heterogeneity of HPV integration status
and transcriptional properties in CC cells at the single-cell reso-
lution, eight productive integrated tumors were subjected to
scRNA-seq. After quality filtering (Figure S7A), up to 82,704 cells
were retained (Figure 5A). Nine distinct clusters were annotated
(see STAR Methods and Figures 5B and S7B), which were repre-
sented across all patients (Figures 5C and 5D). Interestingly, HPV
transcripts (see STAR Methods) were readily detected in 10,033/
20,672 (48.5%) epithelial cells. The extremely low HPV RNA pos-
itivity in other cell types could be due to phagocytosis of infected
cells or contamination during 10x Genomics processing steps
(Figures 5E, 5F, and S7C). We subsequently divided epithelial
cells into five cell clusters (Figure S7D) and calculated the
CNVs of each cell by CopyKAT using myocytes as normal
cells.”® The results revealed patient-unique CNVs commonly
seen in CCs (Figures 5G, S7E, and S7F), which defined clusters
0, 2, 3, and 4 as malignant cells (Figures 5H and 5I). By detection
of HPV transcripts and HPV integration fusion transcripts (see
STAR Methods), we designated malignant cells as HPV(-) and
silent and productive HPV(+) integrated cells (Figures 5J, 5K,
and S7G). Notably, in five patients with paired bulk and
scRNA-seq data, we found concordant HPV RNA integration
events in both bulk and scRNA-seq data (Figure S5H). Interest-
ingly, four of five patients had only one integration event de-
tected in both scRNA-seq and bulk data, supporting clonal
expansion likely due to positive selection during tumor progres-
sion. Only patient CC05 had five integration events detected in
scRNA-seq and two integration events in bulk data, with the
frequent events observed in bulk data readily detected in
scRNA-seq data (Figure S7H).

Next, we investigated whether different HPV statuses had an
impact on tumor-intrinsic features. By calculating the activity of
tumor-intrinsic features using ssGSEA, we found that enrich-
ment scores of EMT, E2F, G2M checkpoint, and DNA repair,
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which are HPV oncoprotein-driven pathways, showed a contin-
uum of expression levels, from low in HPV(—) tumor cells, to in-
termediate in silent HPV(+) cells, to high expression in productive
HPV(+) integrated cells (Figures 5L and S8A). Transcription fac-
tor (TF) analysis by SCENIC?” showed that TFDP2, E2F, and
TWIST1, the TFs implicated in proliferation and EMT, were acti-
vated in productive HPV(+) integrated cells, further supporting
the observations from bulk RNA and protein analysis (Fig-
ure S8B). Interferon and immune response pathways were
downregulated in silent HPV(+) integrated cells but increased
in productive HPV(+) integrated cells (Figure 5L). To further vali-
date transcriptional reprogramming from HPV(-) to silent and
then productive HPV(+) CC cells, we computed differential
gene expression and performed GSEA with GO functional terms.
Transition from HPV nonintegration to silent and productive
HPV integration was associated with upregulation of genes
converging onto cell proliferation (NRNA processing, ribosome
biogenesis, DNA repair, cell cycle)-, EMT-, viral gene expres-
sion-, and ECM-related pathways (Figures 5M and S8C).

Both class | and class Il human leukocyte antigens (HLASs)
were markedly decreased in HPV-positive cells, with class |
HLA being lowest in productive HPV(+) integrated cells (Fig-
ure S8D). Expression of immune checkpoint ligands, including
CD276 (B7-H3) and PVR (ligand for TIGIT), was elevated in
both silent and productive HPV(+) integrated cells. Moreover,
LGALS9 (ligand for TIM-3), TNFRSF14 (ligand for BTLA), and
TNFSF9 displayed progressive upregulation from HPV(—) to
silent and then productive HPV(+) CC cells (Figure S8E).

Overall, these results indicated that HPV status regulates tran-
scriptional reprogramming of tumor cells that likely contributes
to immune evasion.

HPV status correlates with cervical tumor cell-immune
interactions

To examine the immune milieu and reveal cell-cell interactions,
we reclustered immune cells to identify T cells, natural killer
(NK) cells, B cells, and myeloid cells separately. This identified
seven T cell subsets, two NK cell subsets, four B cell subsets
(Figures 6A-6C), and seven myeloid subsets (Figures 6D-6F,
S9A, and S9B). In the stromal compartment, we identified three
fibroblast subsets, which were consistent with published gene
signatures (Figures S9C-S9E); two endothelial cell subsets; two
myocyte subsets; and two stromal cell subsets (Figures S9C

Figure 5. scRNA-seq reveals differential effects of HPV-negative and silent and productive integrated HPV
(A) Uniform manifold approximation and projection (UMAP) plot of cells colored by cell type.

(B) UMAP plot of cells colored by expression of selected canonical markers.
(C) UMAP pilot of cells colored by patient.

(D) Proportions of each cell type in eight productive HPV-integrated cervical cancers.

(E) UMAP plot of HPV-positive cells across all cell types.
(F) Proportions of HPV-positive cells across all cell types.

(G) UMAP plot of cells colored by karyotype. The karyotypes of cells were inferred by CopyKAT.

(H) UMAP plot of cervical epithelial cells colored by karyotype.

() UMAP plot (left) and proportions (right) of malignant and nonmalignant cells by patient in cervical epithelial cells.

(J) UMAP plot of malignant cells colored by HPV expression.
(K) UMAP plot of malignant cells colored by HPV integration.

(L) Heatmap of single-cell GSEA enrichment scores of selected hallmark pathways in malignant cells across various HPV integration statuses. The p values were

calculated by two-sided Wilcoxon rank-sum test.

(M) Pie chart distribution of significantly enriched pathways computed between HPV(+) vs. HPV(—) and integrated (+) vs. nonintegrated (—).
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Figure 6. HPV status correlates with cervical tumor cell-immune interactions
(A) UMAP plot of lymphoid cells colored by cell type.

(B) Proportions of cell types of lymphoid cells in each tumor.

(C) Expression of selected marker genes in cell types of lymphoid cells.

(D) UMAP plot of myeloid cells colored by cell type.

(E) Proportions of cell types of myeloid cells in each tumor.

(F) Expression of selected marker genes in cell types of myeloid cells.
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and S9F). All nonepithelial cell types could be identified in each of
the CC tumors at varying frequencies (Figures 6B and 6E).

We then conducted cellular communication analysis using
CellChat”® to explore potential interactions between malignant
and immune cell populations. Compared with HPV(—) malignant
cells, PVR communication signaling was predicted to be
increased between HPV(+) malignant cells and multiple ex-
hausted and dysfunctional T cell subsets (CD4-CXCL13, CD4-
FOXP3, CD8-PDCD1, CD8-MKI67) (Figures 6G and 6H). PVR
was overexpressed in HPV(+) malignant cells (Figure S8E),
and its receptor TIGIT was mainly expressed in CD4-CXCL13,
CD4-FOXP3, CD8-PDCD1, and CD8-MKI67 T cells (Figure S9G).
The PVR-TIGIT interaction has been proposed to represent im-
mune inhibitory checkpoint signaling limiting adaptive and
innate immunity. Thus PVR-TIGIT signaling between HPV(+) ma-
lignant cells and T cells could contribute to the immune evasion
of HPV(+) malignant cells. Furthermore, HPV(+) malignant cells
showed exclusive interactions with various stromal cells,
including communication with CAF-TGFB, fibroblast-like, myo-
cyte-ACTA2, and myocyte-RGS5 clusters via the TENASCIN
pathway based on the tenascin C (TNC)-ITGA8/ITGB1and
TNC-ITGA9/ITGB1 axes (Figures 6l, 6J, and S9H-S9J) and
communication with all nonepithelial cells via the collagen
signaling network (Figure S9K). TNC plays essential roles in tu-
mor neovascularization, EMT, and metastasis.>>' Moreover,
cancer-cell-derived TNC can orchestrate an immune-suppres-
sive microenvironment by interacting with stroma cells or
directly inhibiting T cell activation, proliferation, and cytokine
production.’®®" In addition, collagen activation accelerates
cell proliferation and promotes invasion and metastasis and in-
hibitor immune response.®? Thus, enhanced TNC and collagen
interactions could play important roles in CC progression and
immune escape.

Genomic HPV integration features in precancerous
cervical lesions

A clearer understanding of the molecular changes from precan-
cerous lesion to advanced CC could provide more accurate bio-
markers to improve prevention and therapy strategies. Only a
portion of early precancerous lesions (cervical intraepithelial
neoplasia) with HPV integration will progress to CCs. However,
which precancerous lesions progress and which do not remains
unclear. As revealed above, productive HPV integration, which is
tightly associated with advanced clinical CC stage, was
nonrandom and harbored a predilection for specific types of
genomic positions (i.e., introns, CFSs, Alu regions, and exonic
regions) (Figures 1E-1G). We thus developed a least absolute
shrinkage and selection operator (Lasso) regression model to
predict productive HPV integration sites based on genomic fea-
tures of HPV integrations revealed by VCS in advanced tumors
(Table S6). Impressively, the predictive performance of this
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model demonstrated considerable accuracy (>85%) when
calculating the area under the curve (AUC) for the ROC curve
with 5-fold cross-validation (Figure 7A).

We then analyzed HPV integration status with VCS data using
Pap smears of cervicovaginal samples from 213 additional cer-
vical preneoplastic lesions. Only 26 of 213 (12.2%) preneoplastic
lesions were HPV integration positive, which is much lower than
in CC. Interestingly, among the 26 HPV integration-positive
cases, 12 (46.2%) cases were predicted to have productive
HPV integration, which is remarkably lower than CC of different
clinical stages (Figure 7B). Given the aggressive features associ-
ated with productive HPV integration, these preneoplastic le-
sions with productive HPV integration may have a higher risk
for progression to invasive carcinoma.

DISCUSSION

Here, by comparing DNA and RNA integration status in a cohort
of CCs, we, for the first time to our knowledge, demonstrated
that only productive HPV integration sites were nonrandomly
distributed across both viral and host genomes, consistent
with productive HPV integration sites being under selective
pressure and contributing to CC pathophysiology. Further-
more, multi-omics data revealed that the tumors with produc-
tive HPV integration are associated with higher E6/E7 protein
levels and enhanced tumor aggressiveness and immunoeva-
sion at the tissue and single-cell levels (Figure 7C). Our study
improves the understanding of the functional consequences
of HPV fusion transcripts on the biology and pathophysiology
of HPV-driven CCs and supports the potential for productive
HPV integration to be used as an indication of a high risk for
CC progression.

HPV integration is a common event during CC carcinogenesis.
Our study supports that there are three HPV integration patterns
in CCs associated with different degrees of aggressiveness and
clinical stage and, thus, prognosis. Initially, the viral genome ex-
ists in an episomal form. Antivirus immune responses have been
proposed to enhance HPV clearance, with potential selection for
cells with HPV integration.®® Initial HPV integration is prone to be
randomly distributed across chromosomes, most of which are
likely dead-end silent integrations that fail to produce sufficient
E6/E7 oncoproteins to drive clonal expansion. Occasionally,
integration occurs near a cellular splicing acceptor and PAS,
generating a viral-host fusion transcript with intact E6/E7 and a
host PAS that we have classified as productive. Productive inte-
gration enhances viral oncogene expression not only by produc-
ing more stable viral-host chimeras but also by disrupting the E2
gene and alleviating E2-mediated transcriptional repression of
E6 and E7. Cells with productive HPV integration appear to ac-
quire selective advantages and drive tumor progression as indi-
cated by selection of integration sites.

(G) Overview of intercellular communication network for PVR signaling pathway. Intercellular interactions (left), relative contribution of each ligand-receptor pair
(middle), and relative importance of each cell group based on four network centrality measures (right) are shown.

(H) Hierarchical plot showing the communication network of the PVR-TIGIT signaling pathway.

(l) Overview of intercellular communication network for TENASCIN signaling pathway. Intercellular interactions (left) and relative importance of each cell group

based on four network centrality measures (right) are shown.

(J) Hierarchical plot showing the communication network of the TNC-(ITGA8 + ITGB1) signaling pathway.
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Consistent with previous studies demonstrating that integra-
tion is not an essential event in cervical carcinogenesis,'” we
found eight tumors that were nonintegrated. High E6/E7 expres-
sion is required for oncogenic transformation and phenotype
maintenance in CC, and in theory, episomal expression of the
viral oncogenes E6 and E7 is tightly regulated.® However, E6
and E7 mRNA expression levels in nonintegrated samples
harboring purely episomal HPV were comparable to cases with
integrated forms (Figures S2D and S2E). Hong et al. reported
that the overexpression of E6 and E7 in tumors with episomal
HPV might be mediated through a higher viral load."” Host anti-
virus immune responses are proposed to determine episomal
HPV clearance and selection of cells with integrated HPV.**3°
Given the immune “cold” microenvironment we revealed in inte-
gration-negative tumors (Figures 3A-3C), it is reasonable to hy-
pothesize that an impaired immune response contributes to
persistent HPV infection (failure of virus clearance) and the ability
of cells with this phenotype to persist and become CCs. Similar
to the effects of HPV integration on E6 and E7 production, persis-
tent high-level expression of viral oncogenes in cells where
episomal HPV is not cleared leads to cell transformation. In addi-
tion, we found that YAP1/Wnt/B-catenin were activated in nonin-
tegrated tumors (Figure 3D). Hyperactivation of YAP1/Wnt/
B-catenin accelerates HPV oncoprotein-induced tumorigenesis
of the cervix even in the background of episomal HPV.*¢%8
Consequently, while high HPV oncogene expression may be
the initial hit in multistep tumorigenesis, hyperactivation of the
Wnt/B-catenin pathway may facilitate development of CC in
the absence of HPV integration.

HPV integration leading to the production of fusion transcripts
may promote tumor progression in multiple ways. First, HPV
integration often disrupts the viral E2 gene that encodes a tran-
scriptional inhibitor of £6 and E7 expression.*® Second, produc-
tive integration results in viral-cellular chimeric transcripts, which
are more stable than those derived from episomal viral DNA.'®
The derepression of transcription and the stabilization of fusion
transcripts containing E6 and E7 synergistically enhance HPV
oncogene expression (Figure 2J). Third, higher E6 splicing in pro-
ductive integrated tumors (Figure S2F) not only produces an E6*
truncated protein that participates in multiple stages of HPV
transformation and cervical carcinogenesis, ‘° but also facilitates
E7 oncoprotein translation by increasing the space between the
E6 stop codon and the E7 start codon.*' Given that CC is depen-
dent on the expression of HPV oncogenes for continued prolifer-
ation and survival,® the dysregulation of £6 and E7 expression in
productive integrated tumors likely provides a selective growth
advantage and promotes oncogenic progression. Fourth,
although HPV integration has been hypothesized to activate
adjacent cellular oncogenes to promote cervical carcinogen-
esis,® our data suggest that productive fusion transcripts do
not usually produce an endogenous human protein, nor do
they alter the expression of nearby genes.

Cell Genomics

Evasion of immune surveillance is a necessary step in tumor
evolution. However, our knowledge about immune escape in
CC is rather limited, especially whether tumors with different
HPV statuses evade immune surveillance via different mecha-
nisms. Here, we highlighted the “PVR-TIGIT axis” as a potential
player in immune evasion by HPV-positive cells during CC devel-
opment (Figure 5). PVR expression in tumor cells has been asso-
ciated with an unfavorable prognosis and anti-PD-1 immuno-
therapy resistance in multiple malignancies.””™** We showed
that PVR was selectively upregulated in HPV-positive CC cells
(Figure S8E). Moreover, PVR preferentially binds TIGIT, an inhibi-
tory receptor expressed in lymphocytes,*® and therefore induces
an immunosuppressive profile in TIGIT-expressing cells. PVR-
TIGIT interactions can skew the immune response toward an im-
munosuppressed phenotype and thus abrogate T cell cytotox-
icity.*>*>“® Interestingly, unlike PDCD1, which is highly expressed
only inexhausted CD4 and CD8T cells, TIGIT is also expressed on
T regulatory (Treg) cells (Figure S9G), where it enhances their sup-
pressive function and correlates with a poor clinical outcome
following PD-1 and/or CTLA-4 pathway blockade.*”*® Since tar-
geting the PVR-TIGIT axis is being explored clinically, our findings
provide potential therapeutic options for HPV-induced CCs.
Furthermore, productive HPV integration may allow tumor cells
to evade immune surveillance by a number of additional mecha-
nisms. Multiple immune checkpoint ligands and HLAs were spe-
cifically up- and downregulated, respectively, in cells with produc-
tive HPV integration. In addition, the milieu of the advanced CC
tumor microenvironment is rich in ECM, and with ECM remodeling
likely contributing to tumor progression and immune escape. We
found that cells with productive HPV integration demonstrate the
potential for enhanced cell-ECM communication (Figure 6), which
could also facilitate evasion of immune surveillance. Several
recent examples of ECM-targeted immunotherapies, including
targeting TNC with tenatumomab, have shown promising results
in preclinical models,*® which could lead to the development of
more effective ECM-targeted immune therapies in CCs.

Limitations of the study

There are several limitations in our study. First, this study focused
on a transcription-dependent process. It did not explore tran-
scription-independent effects of HPV integration, such as altering
the 3D genome architecture or transcriptional regulatory element
activity around integration sites.””>' Second, here we focused on
the impacts of HPV integration on the expression of coding genes
by applied poly(A) mRNA-seq. So, whether HPV integration leads
to aberrant expression of noncoding human genome elements or
eRNAs needs further investigation. Third, although 379 (97.7 %) of
RNA integration sites were associated with DNA integration sites,
the small number of discrepancies may be due to the limitations
of virus capture DNA sequencing. Additional methods, such as
whole-genome sequencing and long-read sequencing, may pro-
vide additional data on HPV integration sites and status. Finally,

Figure 7. Genomic HPV integration features in precancerous cervical lesions
(A) Receiver-operating characteristic (ROC) curve and corresponding area under the curve (AUC) statistics for predicting productive HPV integration sites using

Lasso regression model. The confidence intervals are in red.

(B) Comparison of the percentages of various predicted HPV integration status in preneoplastic lesions (CIN) and different stages of CC.
(C) Schema of molecular landscapes of CCs with various HPV integration statuses.
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considering that only eight CC cases were HPV-nonintegrated in
our study, the finding that HPV-integrated CCs had elevated cell-
cycle and immune-response-related processes may need further
study.
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ClusterProfiler Bioconductor https://bioconductor.org/packages/release/
bioc/html/clusterProfiler.html

Fgsea Bioconductor https://bioconductor.org/packages/release/
bioc/html/fgsea.html

GSVA Bioconductor https://bioconductor.org/packages/release/
bioc/html/GSVA.html

ESCAPE Bioconductor https://bioconductor.org/packages/release/
bioc/html/escape.html

Survcomp Bioconductor https://bioconductor.org/packages/release/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Chaoyang
Sun (suncydoctor@gmail.com).

Materials availability
Due to the limiting nature of primary samples, human tissues used in this study are not available upon request. This study did not
involve any other unique materials.

Data and code availability

Whole exome sequencing, RNA-seq, scRNA-seq data from this study have been deposited in the National Genomics Data Center
(NGDC) under the accession number NGDC: PRJCA009817. Code used for multi-omics data analyses is available at Zenodo: https://
doi.org/10.5281/zenodo.7033608. Any additional information required to reanalyze the data reported in this paper is available from
the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patient cohort

This study was reviewed and approved by the Institutional Review Board of Tongji Hospital, Tongji Medical College, Huazhong Uni-
versity of Science and Technology (TJ-IRB20210535). All patients signed an informed consent form, and all samples collected were
the rest after meeting to standard diagnostic tests, with no burden to the patients. All clinical data for the cohort is included in
Table S1.

METHOD DETAILS

Sample quality
For quality control of the samples, the following criteria were used for sample selection, 1) tumor cellularity analysis, three frozen sec-
tions (top, middle, and bottom) of each tissue block were resected and subjected to H & E staining. All H & E-stained slides were
scanned and submitted for pathological analysis. 2) Only tumors with at least the average of 60% tumor cell nuclei and less than
10% necrosis were reserved. 3)The histological assessment of all tumor samples was accomplished by two experienced patholo-
gists separately.

Sample processing for DNA and RNA extraction

DNA and RNA were extracted from tumor and adjacent normal samples using QIAGEN'’s AllPrep DNA/RNA Mini Kit. DNA concentra-
tions were measured with Qubit® DNA Assay Kit in Qubit® 2.0 Fluorimeter. Any sample that produced sufficient DNA yield and passed
quality control was subjected to sequencing. RNA concentration was quantified using the Qubit and quality was assessed using Agilent
2100. A sample that passed RNA quality control and had a minimum RNA integrity number (RIN) score of 7 was sent for sequencing.

Whole-exome sequencing

Library construction was performed with 1ug DNA per sample using Agilent SureSelect Human All Exon V6 kit (Agilent Technologies,
CA, USA,) following the manufacturer’s recommendations. Briefly, DNA was fragmented to 180-280 bp by hydrodynamic shearing
system (Covaris, Massachusetts, USA) and processed with end repair/A-tailing, adaptor ligation, and library enrichment PCR using
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Kapa Hyper-Prep reagents. The resulting libraries were hybridized with liquid phase with biotin labeled probe, then processed using
magnetic beads with streptomycin to capture the exons of genes. Captured libraries were enriched in a PCR reaction to add index
tags to prepare for sequencing. Products were purified using AMPure XP system (Beckman Coulter, Beverly, USA) and quantified
using the Agilent high sensitivity DNA assay on the Agilent Bioanalyzer 2100 system.

The clustering of the index-coded samples was performed according to the manufacturer’s instructions. After cluster generation,
the DNA libraries were sequenced on lllumina NovaSeq platform and 150 bp paired-end reads were generated.

Bulk RNA sequencing
Library construction was performed using 2 ug RNA per sample using VAHTS mRNA-seq v2 Library Prep Kit for lllumina following
manufacturer’s recommendations. Briefly, mRNA was purified from total RNA using poly-T oligo-attached magnetic beads. Frag-
mentation was carried out using fragmentation buffer. First strand cDNA was synthesized and second strand cDNA synthesis
was subsequently performed. Remaining overhangs were converted into blunt ends. After adenylation of 3’ ends of DNA fragments,
adaptors with hairpin loop structure were ligated. Then PCR was performed. At last, Qubit HS quantification, Agilent 2100
Bioanalyzer/Fragment Analyzer 5300 quality control, the final library size was about 350bp.

The libraries were sequenced on an lllumina NovaSeq platform to generate 150 bp paired-end reads, according to the manufac-
turer’s instructions.

Single-cell RNA sequencing

Tumors were collected into heparin tubes (Becton, Dickinson and Co.) and processed using the Chromium Next GEM Single Cell 3¢
Reagent Kits v3.1 (10x Genomics; Pleasanton, CA, USA) according to the manufacturer’s instructions as described in our previous
study.®’

Virus-capture sequencing

Libraries were prepared as described in our previous work.” In brief, The DNA extracted was sheared to 150-200 bp DNA fragments,
which were then purified, end blunted, A-tailed and adaptor-ligated. Libraries were hybridized with HPV probes (HPV6, 16, 18, 26, 31,
33, 34, 35, 39, 45, 51, 52, 53, 56, 58, 59, 66, 68, 73 and 82) at 65°C for 24h and washed to remove uncaptured fragments. The prod-
ucts were amplified and proceeded to 151 cycles of paired-end index sequencing in the lllumina NovaSeq sequencer according to
manufacturer’s instructions.

Mass spectrometry analysis of protein and phosphoprotein

Protein extraction

The sample was grinded by liquid nitrogen into cell powder and then transferred to a 5-mL centrifuge tube. After that, four volumes of
lysis buffer (8 M urea, 1% Protease Inhibitor Cocktail, 1% Phosphatase Inhibitor Cocktail) was added to the cell powder, followed by
sonication three times on ice using a high intensity ultrasonic processor (Scientz). The remaining debris was removed by centrifuga-
tion at 12,000 g at 4°C for 10 min. Finally, the supernatant was collected and the protein concentration was determined with BCA kit
according to the manufacturer’s instructions.

For digestion, the protein sample was precipitated with TCA at 4°C for 2h. The protein precipitate was washed 2-3 times with
acetone, and suspend with 200 mM TEAB. For trypsin digestion, trypsin was added at 1:50 trypsin-to-protein mass ratio for the first
digestion overnight, and the protein solution was reduced with 10 mM DTT for 1 h at 37°C and alkylated with 20 mM IAA for 45 min at
room temperature in darkness. Finally, trypsin was added 1:100 trypsin-to-protein mass ratio for a second 4 h-digestion.

TMT labeling

After trypsin digestion, peptide was desalted by Strata X C18 SPE column (Phenomenex) and vacuum-dried. Peptide was reconsti-
tuted in 0.5 M TEAB and processed according to the manufacturer’s protocol for 11-PLEX TMT kit. Briefly, one unit of TMT reagent
(defined as the amount of reagent required to label 100 pg of protein) was thawed and reconstituted in 24 uL buffer. The peptide mix-
tures were then incubated for 2 h at room temperature and pooled, desalted and dried by vacuum centrifugation. To facilitate quan-
titative comparison between all samples across experiments, a mix reference sample was included in each 11-plex (Table Labeling
information).

HPLC fractionation

To reduce sample complexity, peptides samples was then fractionated into fractions by high pH reverse-phase HPLC using Agilent
300Extend C18 column (5 um particles, 4.6 mm ID, 250 mm length). Briefly, 3.3 mg peptides were first separated with a gradient of
2%-60% acetonitrile in 10 mM ammonium bicarbonate pH 10 over 80 min into 80 fractions. The fractions were combined into 12
fractions, 10% of the volume of each of the fractions was allocated for proteome analysis. The remaining 90% of 12 concatenated
fractions were further combined into 6 fractions for phosphopeptide enrichment.

Affinity enrichment

Peptide mixtures were first incubated with IMAC microsphere suspension with vibration in loading buffer (50% acetonitrile/6% tri-
fluoroacetic acid). The IMAC microspheres with enriched phosphopeptides were collected by centrifugation, and the supernatant
was removed. To remove nonspecifically adsorbed peptides, the IMAC microspheres were washed with 50% acetonitrile/6% tri-
fluoroacetic acid and 30% acetonitrile/0.1% trifluoroacetic acid, sequentially. To elute enriched phosphopeptides from the IMAC
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microspheres, elution buffer containing 10% NH40OH was added and the enriched phosphopeptides were eluted with vibration. The
supernatant containing phosphopeptides was collected and lyophilized for LC-MS/MS analysis.

LC-MS/MS analysis

Peptides were subjected to NSI source followed by tandem mass spectrometry (MS/MS) in Q Exactive HF-X (Thermo) coupled with
EASY-nLC 1200 UPLC system. The gradient was comprised of an increase from 6% to 22% solvent B (0.1% formic acid in 90%
acetonitrile) over 38 min, 22%-32% in 14 min and climbing to 80% in 4 min then holding at 80% for the last 4 min. The phosphopro-
teome gradient was comprised of an increase from 3% to 20% solvent B (0.1% formic acid in 90% acetonitrile) over 88 min,
20%-32% in 24 min and climbing to 80% in 4 min then holding at 80% for the last 4 min.

The electrospray voltage applied was 2.2 kV. Intact peptides were detected in the Orbitrap at a resolution of 120,000. Peptides
were then selected for MS/MS with NCE setting as 28 and the fragments were detected in the Orbitrap at a resolution of 45,000.
A data-dependent procedure was alternated between one MS scan followed by 15 MS/MS scans with 30.0s dynamic exclusion.
Automatic gain control (AGC) was set at 5 x 10%, with an intensity threshold of 5000 charges and a maximum injection time of
90 ms. Fixed first mass was set as 100 m/z.

Western blots

Protein extracts from randomly selected samples were quantified using Coomassie (Beyotime, Cat. no: ST1119) and 20 pg of total
protein was used for western blots. Proteins were separated on 10% SDS-PAGE gels (BioSci, Cat. no: 8012011) and transferred onto
polyvinylidene difluoride membranes (Cytiva Life Sciences, Cat. no: 10600023). Membranes were blocked in 5% BSA for 1 h and
incubated overnight at 4°C with antibodies specific for: RB (1:500, Abclonal, Cat. no: A11409), p53 (1:500, Abclonal, Cat. no:
A16989), HPV16-E6 (1:1,000, Genetex, Cat. no: 132686), HPV16-E7 (1:1,000, Genetex, Cat. no: 133411;), GAPDH (1:1,000, Abclonal,
Cat. no: A19056), followed by HRP-conjugated secondary antibodies (1:5,000, Abclonal, Cat. no: AS014 and Cat. no: AS003) for 1 h
at room temperature. Bands were visualized using a Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific; Cat. no:
32209).

QUANTIFICATION AND STATISTICAL ANALYSIS

Copy number analysis

Copy number variation (CNV) analysis was performed on WES data generated from tumor and paired NAT. After adapter trimming,
clean data was aligned to GRCh38 genome using BWA.*? Following de-duplication and base recalibration using GATK®® following
the tool’s best practice, Somatic CNVs were called using CNVkit>* and the CNV of genes were extracted from the result using custom
scripts.

RNA quantification

After adapter trimming, clean RNA sequencing data were aligned to GRCh38 reference using STAR.®® The read count is generated by
subread®® with default parameters and the transcripts per million (TPMs) of genes were quantified using RSEM.®” Gene annotation
used in this study is Gencode release 33.

Protein and phosphoprotein quantification

Proteomics database search analysis

The MaxQuant search engine®® was used for the standard database search of all MS/MS raw data. The MS/MS spectra were
searched against the human Swiss-Prot database containing 20,431 sequences (downloaded in August, 2019) plus 475 Swiss-
Prot HBV protein sequences. The cleavage enzyme was set as trypsin/P with allowing up to 2 missing cleavages. The mass tolerance
for precursor ions was set as 20 ppm in first search and 4.5 ppm in main search, and the mass tolerance for fragment ions was set as
0.02 Da. The minimum peptide was set as 7. The fixed modification was set as Carbamidomethyl on Cys, oxidation on Met, acety-
lation on protein N-term and deamidation (NQ) were the variable modifications, and the Phospho (STY) was set for searching phos-
phoproteomes only. FDRs of PSM and protein were set to <1%, and the minimum score for modified peptides was set to >40. The
TMT 11-plex was selected in the quantification method, and all other parameters of MaxQuant were set as default values.

Data normalization

The TMT-based intensity matrix of proteins or phosphorylation sites was extracted from the MaxQuant output files for all batches. For
each protein or phosphorylation site, the TMT ratio value was calculated by dividing the intensity in the internal reference cell line of
the same batch. The proteomic and phospholomic data of each sample was further normalized using the median centering method.
After normalization, the normalized abundance values (NAVSs) of proteins or phosphorylation sites followed a logarithmic normal dis-
tribution (log2) centered at zero.

Missing value imputation

To ensure the data quality and maximally use the proteomic or phospholomic data, proteins or phosphorylation sites quantified
in >50% samples were reserved. Using the normal distribution imputation, the missing values were imputed with values representing
a normal distribution around the detection limit of the mass spectrometer. For each sample, the mean and SD(SD) of the distribution
of the raw protein or phosphorylation site were calculated. Then a new distribution with a downshift of 1.8 SD and a width of 0.3 SD
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was automatically modeled. The total dataset was imputed before statistical analysis. The data imputation was conducted using
Perseus 1.6.14.
Batch effect and data quality analysis
The batch effect due to TMT multiplexes was assessed by performed performing PCA was performed using scikit-learn, a useful
toolkit for data mining and analysis. The leading PCs of the global proteomic or phospholomic data clearly separated the tumor
from normal samples, and no obvious batch effect was observed among the 23 TMT batches.

Using a single-shot liquid chromatography-tandem mass spectrometry approach, we finally quantified a total of 6,739 unique pro-
tein groups and 17,760 phosphorylation sites quantified in >50% samples in our cohort.

HPV analysis

HPV typing and integration analysis were performed at DNA, RNA and scRNA levels using a reference GRCh38 contained HPV
genome.

HPV typing and integration analysis

For VCS data, reads were cleaned and aligned to the reference using BWA-MEM. The aligned reads were de-duplicated using Picard
and the ones that paired-end aligned perfectly to reference were counted and normalized to reads per base (read depth). HPV types
were determined as the one who’s mean read depth > 10. HPV integration breakpoints were called using Survirus® and the break-
points with support reads > 10 were retained (Table S2).

For bulk RNAseq data, cleaned RNAseq reads were aligned to the reference using STAR and the read count of HPV was generated by
subread with an HPV bed file. The HPV counts were normalized to count per million reads (CPM) and the HPV types were determined as
the ones with CPM >1. HPV integration fusion transcripts were detected with STAR with params “—outSAMstrandField intronMotif
—chimSegmentMin 12 —chimJunctionOverhangMin 8 —chimOutJunctionFormat 1 —alignSJDBoverhangMin 10 —alignMatesGapMax
100000 —alignintronMax 100000 —limitSjdblnsertNsj 1500000 —alignSJstitchMismatchNmax 5 -1 5 5 —outSAMattrRGline ID:GRPundef
—chimMultimapScoreRange 3 —chimScoredunctionNonGTAG —4 —chimMultimapNmax 20 —chimNonchimScoreDropMin 10 —peOver-
lapNbasesMin 12 -peOverlapMMp 0.1 —aligninsertionFlush Right —alignSplicedMateMapLminOverLmate 0-alignSplicedMateMapLmin
30” and HPV integration sites were calculated from chimeric output using custom scripts and retained if support reads > 10 (Table S3).

For scRNA data, Unique molecular identifiers (UMIs) and cell barcodes were removed from sequencing data using UMI-tools® and
the clean data was processed as described in RNAseq data.

HPV integration type and status analysis

The integration types of HPV integration sites were determined by the direction of the HPV sequence fusion to the host genome, while
human-HPV indicates that human genomic sequences are 5 to the HPV sequence, and HPV-human indicates that human
sequences 3’ to the HPV sequence.

For integration status, the DNA integration sites were defined as productive if there exists RNA integration site <100 kb apart from
with identical integration type in the same tumor., otherwise, DNA integration sites were defined as silent.

For integration events, integration sites within 500 kb apart were merged into a single integration event (Tables S4 and S5) as
mentioned previously."

HPV gene quantification

To determine the expression of HPV viral genes (Figures S3B-S3D), the aligned reads from RNAseq were performed using subread
with a bed file containing HPV genes and the resulting counts were normalized to fragments per kilobase of exons per million reads
mapped to genome (FPKM). Unspliced and spliced E6 (Figure S3D) were quantified by counting the reads that support unspliced E6
and spliced transcripts at the E6 splice donor site (position 226 for HPV16 and position 233 for HPV18) using custom script.'?

Single-cell RNA-seq data processing

The sequencing data were processed using cell ranger against the GRCh38 reference contain 3 HPV genomes (HPV16, HPV56,
HPV52). Cells were filtered for identification of more than 200 genes, unique molecular identifier between 500 and 30,000, and a mito-
chondrial gene proportion less than 15% using Seurat.®® After that, we use Seurat method for data normalization, batch effect
removal, integration, UMAP dimensionality reduction and clustering.

The major cell types were defined through per cluster mean expression of the following gene markers: 1) cervical epithelial: KRT6A,
KRT17; 2) endothelial cells: RAMP2 A2M; 3) fibroblasts: DCN, LUM; 4) myocyte: ACTA2, RGS5; 5) mast cells: TPSB2, TPSAB1; 6)
myeloid cells: LYZ, CD14; 7) NK cells, NKG7, KLRD1; 8) T cells: CD2, CD3E; 9) B cells: CD79A, MS4A1. For further analysis of
the cervical epithelial cell, lymph cell (T, NK and B cells), myeloid cell (myeloid and mast cell) and stromal cell (endothelial, fibroblasts
and myocyte) populations, the data of these cells was extracted, principal component analysis and visualized as described above.
Cluster gene markers were identified using the Seurat FindAlIMarkers function with default params.

To identifying neoplastic from epithelial cells, we use myocytes to define the reference cell-inferred copy number profiles and the
predicted karyotype for individual cells was estimated using Copykat method.?®

Identification of subpopulations

The fibroblast subclusters were identified by calculating gene signature scores using Seurat AddModuleScore of previously reported
fibroblast phenotypes: panCAF, IL1-driven and TGFB-driven CAF, and fibroblast-like.®” The myeloid subclusters were identified by
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comparing the expression of marker gene of previously reported clusters: TAM-like, C4-LAMP3+, FCN1 mono, DC1, DC2, mast cell
and neutrophils.5*-%°

Differential expressed gene and pathway enrichment

For RNAseq data, differential expressed gene (DEG) analysis was performed with gene counts using DESeq2. For proteomics data,

differential expressed genes between groups were performed by comparing the fold changes of mean gene expression in the group.
Pathways from the Reactome, KEGG, GO and Hallmark databases were extracted from Molecular Signatures Database (MSigDB)

for pathway enrichment analysis. The enriched pathways were obtained using ClusterProfiler or fgsea package depends on the data

types.

Pathway score calculation
To obtain the pathway scores, single-sample gene set enrichment analysis (ssGSEA) was utilized based on single-cell normalized
counts using R package ESCAPE, while the mean expression of genes in pathways was used for proteomics data.’®

Transcription factor analysis

To carry out transcription factor network inference, data from malignant cells were performed using the SCENIC, which corresponds
to RcisTar-get hg38 motif databases. Activity of the regulatory networks was evaluated on the full dataset in the scoring step with
AUCell.?”

Cell-cell communication

Cell-cell interactions were performed using CellChat.?® We load the normalized counts into CellChat and run the official workflow with
default parameters. To compute the contribution of each ligand-receptor pair to the overall signaling pathway, the function netAna-
lysis_contribution was applied. To determine the senders and receivers in the network, the function netAnalysis_signallingRole was
applied. To visualize the inferred communication networks, the function netVisual_aggregate, was applied.

Generalized linear models

Demographic and clinical characteristics, including age, clinical stages, tumor grades, tumor diameter, and invasive depth, from 90
CCs were fitted with generalized linear model using R 4.0.1. R package ggplot2 was used to show the odds ratios, p values, and 95%
Cl between silent and productive integration group.

Survival analysis
We performed a multistep analysis to get gene expression signatures for productive or silent integration tumors as previously re-
ported.®* Briefly, first, the DE-Gs from RNAseq with adjust p value < 0.05 were selected. Next, C-index of each gene was calculated
using a univariate Cox proportional-hazards regression model with the R package survcomp. Finally, 8 genes were obtained with
C-index > 0.5 and an absolute log, fold change >1.
To explore HPV integration status on the survival in CCs, we selected tumor samples from 263 patients with RNAseq data and
follow-upinformation in the TCGA CESC cohort. The samples were defined as silent or productive based on the following equation:
For gene g.

Lai - [1%1@).Eg.j > median(E g)
g9,] = —1 x /(g)7EgJSmedIan(Eg)

I(g) = 1 if gene g is highly expressed in our productive group; otherwise, I(g) = —1.

L, g, j and E present label, gene, jth sample and gene expression, respectively.

The scores of 8 genes for each TCGA samples were summed and the sample was defined as “productive type” while the total
scores >0. For survival analyses, including overall survival (OS) and survival time, we used the log rank test to calculate p values be-
tween groups, and the Kaplan-Meier method to plot survival curves using R package survival and survminer.
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