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Abstract

Head and neck squamous cell carcinoma (HNSCC) includes a subset of cancers driven by
human papillomavirus (HPV). Here, we use single-cell RNA-seq to profile both HPV-positive
and HPV-negative oropharyngeal tumors, uncovering a high level of cellular diversity within
and between tumors. First, we detect diverse chromosomal aberrations within individual tumors,
suggesting remarkable genomic instability, enabling the identification of malignant cells even

at pathologically-negative margins. Second, we uncover diversity with respect to HNSCC
subtypes and other cellular states such as the cell cycle, senescence, and epithelial-mesenchymal
transitions. Third, we find heterogeneity in viral gene expression within HPV-positive tumors.
HPV expression is lost or repressed in a subset of cells, which are associated with a decrease in
HPV-associated cell cycle phenotypes, decreased response to treatment, increased invasion, and
poor prognosis. These findings suggest that HPV expression diversity must be considered during
diagnosis and treatment of HPV-positive tumors, with important prognostic ramifications.

Introduction

HNSCC tumors of the oral cavity and larynx are typically linked to alcohol and tobacco
exposure, while oropharyngeal squamous cell carcinoma (OPSCC) is more commonly
associated with infection by human papillomavirus (HPV)1. HPV-associated OPSCCs have
better prognosis than other forms of HNSCC, calling for treatment de-escalation to reduce
side effects while maintaining an excellent prognosis. However, a subset of HPV-related
OPSCCs respond poorly to treatment and recur?, underscoring the need for a deeper
understanding of these tumors and the development of new therapeutic approaches.

HPV is a sexually transmitted DNA virus, accounting for more than 5% of all cancer cases
worldwide including all cervical cancers, most OPSCCs, and a majority of vaginal and anal
cancers3. The HPV oncogenic proteins, E6 and E7, inhibit the tumor suppressor proteins
p53 and Rb, respectively, thereby activating the proliferation of infected epithelial cells*®.
While these initial effects of HPV are largely understood, the subsequent events leading

to tumorigenesis®, the biology of the resulting tumors, and their vulnerabilities still remain
poorly characterized.

Previously, we used single cell RNA sequencing (scRNA-seq) to interrogate patient
samples of HPV-negative oral cavity tumors’~10, Here, we turn our focus to OPSCC,
profiling both HPV-positive and HPV-negative tumors. We uncover unanticipated diversity
of chromosomal aberrations and of HPV expression patterns. Strikingly, each HPV-positive
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tumor harbors a subset of malignant cells in which HPV expression is not detected, and
HPV-related phenotypes are decreased. These cells may influence prognosis and therapy
response, highlighting their significance and opportunities for new interventions.

Single cell RNA-seq analysis of OPSCC

We profiled 16 treatment-naive OPSCC primary tumor samples using the 10x chromium
platform (Fig. 1a, Supplementary Table 1-2). After removing low-quality cells and potential
doublets (see Methods), we retained 70,970 cells, which were used to describe four distinct
layers of cellular diversity (Fig. 1a): cell types, genetic clones, cellular states, and HPV
expression patterns.

We first clustered all cells and annotated the clusters by differentially expressed marker
genes (Fig. 1b—c, Extended Data Fig. la—b; Supplementary Table 3-4). Epithelial cells
clustered primarily by patient identity, while non-epithelial cell types clustered together
regardless of patient identity. We defined 12 non-epithelial clusters, including typical
tumor components (e.g. T-cells and fibroblasts) as well as less common components (e.g.
myofibroblasts and lymphovascular cells), each of which contained cells from multiple
patients and expressed characteristic marker genes (Fig. 1d).

Based on standard p16 staining, twelve of the OPSCC tumors were clinically defined as
HPV-positive and four as HPV-negative (Extended Data Fig. 1c). We mapped the SCRNA-
seq reads of all epithelial cells to the five most common high-risk HPV genotypes!?, and
identified transcripts of the most common HPV genotype (HPV16) in 11 of the 12 tumors
clinically defined as HPV-positive and in none of the tumors clinically defined as HPV-
negative (Extended Data Fig. 1d—e). In these 11 HPV-positive tumors, HPV16 transcripts
were identified in an average of 53% (20-78% range) of epithelial cells (Supplementary
Table 4). In one exceptional tumor (OP8) we did not identify any HPV transcripts despite
clinical diagnosis as HPV-positive. Further testing and sequence analysis failed to identify
evidence for any other HPV genotypes (see Methods), although we cannot formally exclude
the possibility of a rare undetected genotype. These results suggest either a false positive
clinical diagnosis by p16, clearance of the virus, or a limitation in detecting HPV transcripts,
which seems unlikely based on the other tumors.

The HPV16 genome contains eight genes, and these were detected at variable frequencies,
with £5being the most commonly detected, followed by £1. The pattern of HPV gene
expression varied between tumors, with seven tumors expressing £5 at particularly high
levels and others with a relative enrichment of £7 (Extended Data Fig. 1e). These distinct
patterns of HPV expression, rather than a uniform expression of viral proteins, are consistent
with previous findings!2.

Chromosomal aberrations identify malignant cells and clonality

We classified the epithelial cells into malignant and non-malignant cells based on inference
of chromosomal copy-number aberrations (CNAs)813-15. At each chromosomal locus, an
estimated copy number was calculated by averaging the normalized expression levels of
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the hundred adjacent genes compared to their expression in a reference set of fibroblasts
and endothelial cells (see Methods). Most epithelial cells had multiple CNAs, including
characteristic CNAs of OPSCC (e.g. 3p loss, 3q and 8q gain) (Fig. 2a, Extended Data Fig.
2a). We classified epithelial cells into malignant and non-malignant cells, by the combined
evidence for CNAs across all chromosomes (i.e. CNA signal) and the similarity of the CNA
pattern to that of other cells from the same tumor (i.e. CNA correlation), thereby defining a
robust separation (Fig. 2b).

Overall, we classified 20,323 (85%) of epithelial cells as malignant cells, while 2,625
(11%) cells were classified as non-malignant (“normal”) epithelial cells (Extended Data
Fig. 2a). The remainder were defined as unresolved and excluded from further analysis,
likely reflecting doublets or low-quality cells. To validate the CNA-based classification, we
compared epithelial cells from HPV-positive tumor samples to those from normal adjacent
tissue of the same patients to derive a gene expression signature of HPV-related malignancy
(Supplementary Table 3). Scoring the epithelial cells by this signature showed remarkable
congruence with the CNA-based classification (Extended Data Fig. 2b—c). In HPV-positive
tumors, CNA classification was largely consistent with the identification of HPV transcripts,
although we also detected a small subset of non-malignant cells with HPV transcripts
(Extended Data Fig. 3f-g; Supplementary Note 1).

The CNA analyses also uncovered distinct genetic subclones within individual tumors.

For example, in OP17, the malignant cells were separated into two genetic subclones

with both shared and clone-specific gains and losses (Fig. 2a—b). Overall, multiple CNA
subclones were identified within 14 of 16 tumors (Fig. 2c). OP9 displayed particularly
extensive subclonal diversity, with six different genetic subclones (Fig. 2d), for which we
inferred a phylogenetic tree (Fig. 2e). The tree defined two major branches (subclones A-B
and subclones C-F) that also differed in expression, with one branch expressing a unique
program with many mesenchymal genes (e.g. collagens) (Fig. 2d, right-most column).

The two branches of OP9 also differed by the frequencies of HPV detection (62% vs. 33%,
p<2.2*10716, chi-square test, Fig. 2d). Similarly, a significant difference in HPV detection
between subclones was found for eight of the ten HPV-positive tumors that had multiple
subclones (Fig. 2c). For example, in OP13, three subclones had HPV detected in 90%,

4%, and 0% of cells. In some cases, subclones differed not only in the frequency of HPV
detection, but also in the relative detection of distinct HPV genes (Extended Data Fig. 2e).
Thus, the overall abundance and the relative expression patterns of HPV genes appear to be
modified during tumor evolution and to vary both between and within HPV-positive tumors.

Malignant cells found in the histologically negative tumor margin

In three cases, we were also able to profile histologically-negative margin tissues (“adjacent
normal”’). Most epithelial cells from these samples were classified by CNA analysis as
non-malignant, as expected. However, in one negative margin sample (OP34; Extended
Data Fig. 3a), 29 out of 80 epithelial cells were classified as malignant by CNAs and

by the malignancy expression signature (Fig. 2f, Extended Data Fig. 3b). A subset of

these cells expressed HPV genes, further supporting their malignant classification (Fig. 2F).
These malignant cells harbored all of the CNAs shared across OP34 subclones, and also
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unique CNAs (in chromosomes 4q, 9 and 22), thus representing a separate genetic subclone
(Extended Data Fig. 3c). These results suggest further evolution of an invasive subclone
beyond the leading front (histological edge) of the tumor. Notably, OP34 had clear resection
margins on frozen and permanent histopathologic analysis (see Methods), indicating that
malignant cells were not expected in the margin sample by traditional pathologic techniques.
However, in a subset of OPSCCs, tumor recurrence occurs despite surgery with widely clear
margins, suggesting that individual malignant cells likely remain undetected in these cases,
as might be the case in OP3416. We compared the expression of malignant cells from the
margin to both malignant cells from the core of the tumor and to normal epithelial cells in
the margin sample (Fig. 2g, Supplementary Table 2). Fifty-seven genes were significantly
upregulated in the malignant cells from the margin, including cytokeratins, EMT-related
genes, APOBEC genes, immune-related genes, and the HPV E5 gene, clearly distinguishing
this invasive population.

To explore the generalizability of malignant cells within histologically negative margins,

we searched for other sScRNA-seq datasets containing matched tumor and negative margin
samples. We identified two lung adenocarcinoma samples’ meeting these criteria and
classified the cells from these samples by inferred CNAs (Extended Data Fig. 3d—e).

One lung tumor did not contain malignant cells in the margin, while another tumor had
malignant cells in the negative margin sample, representing a distinct subclone by CNAs and
upregulating 47 genes (Extended Data Fig. 3d; Supplementary Table 3). These data highlight
the presence of malignant cells in histologically negative margin biopsies that may drive
adverse clinical outcomes.

OPSCC tumor diversity highlights three cellular subtypes

Overall, the diversity among malignant cells is linked to patient identity, to HPV status and
to three TCGA subtypes - atypical, basal and classical8 (Fig. 3a, Extended Data Fig. 4;
Supplementary Table 5). Each tumor had a dominant subtype, on average covering 96%

of the cells in the tumor that are confidently assigned to any subtype (Fig. 3a—-b). All
HPV-positive tumors had a dominant atypical subtype. In contrast, HPV-negative tumors
included two with a dominant basa/subtype, two with a dominant c/assical subtype, and
OP8, with a majority of intermediate cells (not confidently assigned to any TCGA subtype),
possibly reflecting its unique pattern as p16-positive but HPV-negative tumor.

Despite the dominant subtype of each tumor, subsets of cells from five tumors were
confidently assigned to a secondary subtype. In all of these cases, subtype heterogeneity was
linked to genetic subclones (Fig. 3b). For example, while OP19 is dominated by the basa/
subtype, 4% of its malignant cells are classified as atypical and these primarily derive from
subclone C. Interestingly, while OP19 is HPV-negative, it has high mMRNA expression of
CDKNZA (p16) (Extended Data Fig. 4c), perhaps relating to its secondary atypical subtype.

Intra-tumor heterogeneity and epithelial senescence

To systematically search for additional patterns of /ntra-tumor heterogeneity, malignant
cells from each tumor were analyzed by non-negative matrix factorization. The expression
programs identified as variable within tumors were compared across tumors to define
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eight groups of recurrent expression programs (Fig. 3c). For each of the eight groups,

we defined a consensus “meta-program”, annotated them by functional enrichments, and
scored all malignant cells for these meta-programs (Fig. 3d; Supplementary Table 6). Similar
analysis was also performed for six common non-malignant cell types (Extended Data Fig.
5; Supplementary Table 7).

The malignant meta-programs included cell cycle (G1/S and G2/M phases), stress and
hypoxia responses, oxidative phosphorylation, interferon response, hybrid, partial EMT
(p-EMT), and an epithelial senescence-associated (EpiSen) program. Notably, the latter
two meta-programs appear to be enriched in HNSCC and associated with metastasis and
drug responses, respectively120, EpiSen was the most common pattern of heterogeneity

in OPSCC, detected in 14 tumors (Fig. 3c), with high similarity to previously identified
programs in oral cavity tumors8, cell lines'9, and other squamous cancers21:22, The fraction
of EpiSen-high cells varied markedly between tumors, from less than 5% to more than 50%
of malignant cells. Consequently, pseudo-bulk tumor profiles segregated the HPV-positive
tumors primarily by the frequency of EpiSen-high cells (Extended Data Fig. 4b).

Undetectable HPV expression in a subset of malignant cells from HPV-driven tumors

Except for the G2/M meta-program, all other meta-programs differed significantly in

their abundance between HPV-positive and HPV-negative tumors (Fig. 3e). Interestingly,
we also noticed differences in meta-program abundances within the HPV-positive tumors
when distinguishing between 66% of the malignant cells in which we detected HPV reads
(denoted as HPVon cells) and the remaining 34% in which we did not detect any HPV reads
(denoted as HPVoffcells) (Fig. 3e). For example, expression of the G1/S meta-program
was enriched in HPVon cells, not only relative to cells from HPV-negative tumors (denoted
in Fig. 3e by asterisks within HPVrneg) but also relative to the HPVoff cells from HPV-
positive tumors (denoted in Fig. 3e by asterisks within HPV6n). Conversely, the EpiSen
meta-program was specifically enriched in HPVoffrelative to HPVon cells among the HPV-
positive tumors.

These results raise the possibility that lack of HPV detection in HPVoff cells may not merely
reflect limited sScCRNA-seq sensitivity, but may also correspond to unique cellular states
associated with genetic or epigenetic repression of HPV genes. Such repression is consistent
with the variability in HPV expression profiles (Extended Data Fig. 1e and 2e) and in

the fraction of cells with detected HPV that we observed between tumors and subclones
(Fig. 2c—d). Thus, HPV status may define not only two types of tumors (HPV-positive and
HPV-negative), but at least three types of malignant cells (HPVneg, HPVonand HPVOf).
Notably, no tumors were entirely HPVofF, rather just subsets of malignant cells within each
of the HPV-positive tumors.

To examine if HPV genes are repressed in HPVWoff cells, or whether their expression is

not detected due to technical limitations, we compared the frequency of HPVoff cells to

the frequency in which other sets of genes are not detected. The fraction of HPVoffwas
significantly higher than expected based on detection of other sets of control genes sampled
so that each gene in the control gene set had similar average expression levels to one HPV
gene (34% vs. 9%, p<2.2*10716, z-test) (Fig. 4a). RNAscope /n situ hybridization (ISH)
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(Fig. 4b, Extended Data Fig. 6a) as well as immunohistochemistry (IHC) (Extended Data
Fig. 6b) further supported the presence of HPVoffcells, by demonstrating the absence of
E6 and E7 RNA and E6 protein in several tumor areas marked by p16. Together, these data
uncover a subset of malignant cells (HPVoff) in which HPV expression is lost or reduced.

HPVoff cells are associated with HPV-negative phenotypes

We next identified genes that were differentially expressed between HPVonand HPVoff cells
across multiple tumors (Supplementary Table 8). EpiSen genes were enriched in HPVOff
cells, while G1/S cell cycle genes were enriched in HPVon cells (Fig. 4c, Extended Data

Fig. 6¢c—d). To further characterize cell cycle differences between HPVonand HPVoff cells,
we divided all malignant cells into 10 bins by expression of the G1/S program. In all
HPV-positive tumors, HPVon and HPVoff cells were significantly enriched (p<0.01 for every
patient, chi-square test) in higher and lower G1/S bins, respectively (Fig. 4d, Extended Data
Fig. 6e). This consistent association of HPVorn with cell cycle is also seen across subclones
(Extended Data Fig. 6f).

While all cancers are associated with increased proliferation, HPVon cells have higher
expression of the G1/S program than other cancer types, based on reanalysis of multiple 10x
scRNA-seq datasets. Most HPVon cells (54%) were among the G1/S-high cells, compared
to significantly lower fractions (defined in a similar manner) for the HPV-negative OPSCCs
(from this work) as well as for nine other tumor cohorts (Fig. 4e). For HPVoffcell, 36%
were G1/S-high, which is comparable to the other tumor cohorts, although still higher than
most of them. Thus, HPV is associated with an aberrant activation of the G1/S expression
program, which is reduced in HPVWoffcells, consistent with the possibility that HPV
expression is suppressed in those cells. Loss of pRb repression by the HPV-E7 oncogene*®
may thus decrease the proportion of HPVoffcells in G1/S phase.

We further speculated that the second major difference between HPVonand HPVoffcells —
the enrichment of EpiSen in HPVoffcells (Fig. 4c) — reflects the inactivation of p53 by HPV-
E6, as absence of HPV-E6 may enable cells to induce senescence. Multiple observations
link the EpiSen meta-program to senescence: It is induced in senescent keratinocytes and
bronchial cells® and is enriched in non-cycling HNSCC cells, both in the oral cavity8

and in oropharynx tumors (Extended Data Fig. 6g). Notably, the enrichment of EpiSen in
HPVOff cells remained significant when restricting the analysis to non-cycling cells, in order
to decouple the differences in induction of a senescence program from the differences in
proliferation (Fig. 4f). In summary, HPVonand HPVoff cells from the same tumor differ in
the fraction of cycling cells and in the induction of EpiSen among the non-cycling cells,
presumably reflecting the reduced activity of the two major HPV oncogenes (E6 and E7) in
HPVoffcells. Importantly, this observation is consistent across all 11 HPV-positive tumors

(Fig. 49).

TCGA data and cell lines support a lower proliferation of HPVoff cells

To explore the functional significance of HPVoffcells, we examined the TCGA dataset of
HPV-positive OPSCC tumors. We reasoned that bulk expression levels of HPV transcripts
(normalized for tumor purity)could serve as an approximation for the fraction of HPVon

Nat Genet. Author manuscript; available in PMC 2024 April 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Puram et al.

HPVoff cells
resistance

Page 8

versus HPVWoff malignant cells. Consistent with our sScRNA-seq analysis, normalized HPV
expression correlates with G1/S scores across HPV-positive TCGA tumors (Fig. 5a). Similar
results were obtained in analysis of TCGA specimens for cervical cancer, suggesting that
HPV expression levels are associated with G1/S induction across distinct contexts (Extended
Data Fig. 7a).

As a complementary approach, we analyzed scRNA-seq data from three HPV-positive

cell lines1®. Although HPV expression was identified in most cells, we found HPVoff
subpopulations in each of the cell lines (Fig. 5b, Extended Data Fig. 7b). In two cell

lines, HPVoffcells were also associated with decreased G1/S scores (Fig. 5¢, Extended
Data Fig. 7c¢). Immunocytochemistry confirmed that expression of HPV proteins E6 and

E7 (but not of p16) correlates with proliferation (Fig. 5d—e, Extended Data Fig. 7d—e).
Moreover, knockdown of E6 and E7 in these lines did not affect p16 expression but reduced
proliferation (Extended Data Fig. 7f—g; Supplementary Fig. 1).

Single cell clones from these two cell lines showed a spectrum of HPV expression, which
we denoted as HPVon, HPVoff, and intermediate clones (Fig. 5f—g). HPVonand HPVoff
clones largely maintained their relative HPV expression levels over multiple passages
(Extended Data Fig. 7h—i), demonstrating the heritability of these states. HPVon clones were
enriched with cycling cells and were more proliferative (Fig. 5h—i, Extended Data Fig. 7j).
Notably, serum starvation of H#PVon clones suppressed their proliferation with little to no
effect on HPV expression (Extended Data Fig. 7k-1), suggesting that HPV expression does
not merely reflect that a cell is cycling but rather directly promotes the cell cycle through
the function of E6 and E74°. Taken together, these results highlight an association between
heterogeneity of HPV expression levels and of G1/S cell cycle activity.

are epigenetically regulated and may be associated with invasion and drug

In contrast to the observed expression differences of HPV genes between HPVon and
HPVoffclones, the genomic copy numbers of HPV genes were comparable between HPVon
and HPVoffclones (Extended Data Fig. 8a). Moreover, DNAScope ISH experiments did not
show substantial differences in £6 and £7between and within different tumors (Extended
Data Fig. 8b—c). These observations support the possibility of epigenetic regulation of HPV
expression. We therefore treated HPV-positive cell lines with inhibitors of two epigenetic
regulators, EZH2 and DNA methyltransferases (DNMT). Inhibition of EZH2 significantly
reduced HPV expression in 93VU147T with limited effect on SCC47, while DNMT
inhibition reduced HPV expression in SCC47 but not in 93VU147T (Fig. 5j, Extended

Data Fig. 8d—e). These effects were largely specific to H#PVon clones (Extended Data Fig.
8f). Thus, epigenetic regulators may direct HPV expression and heterogeneity.

Next, we turned to examine the impact of heterogeneity in HPV expression on cancer
phenotypes. Aberrant cell cycle activity of HPVon cells might render them susceptible to
standard cancer treatments, while the less proliferative HPVoffcells may have reduced
susceptibility to such treatments. Indeed, treatment of SCC47 cells with cisplatin and of
93UV 147T cells with radiation, reduced the expression of HPV genes (Fig. 5k, left) without
affecting HPV genomic copy numbers (Fig. 5k, right), consistent with the possibility that
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HPVon cells were preferentially eliminated. As expected, treatment of individual HPVon
and HPVoffclones revealed that HPVon clones are more susceptible to these cytotoxic
agents (Extended Data Fig. 8g). The aberrant cell cycle of HPVon cells might also diminish
their migration and invasive capacity, due to potential migration-proliferation tradeoffs23.24,
Indeed, we found increased invasiveness of HPVoffclones compared to HPVon clones in
both cell lines (Extended Data Fig. 8h—i).

The association of HPVWoff cells with increased invasion and resistance to treatments
suggests that the fraction of HPVoffcells in a tumor might have clinical implications.
Accordingly, HPV-positive tumors with low normalized HPV expression tend to have
reduced recurrence-free survival compared to those with higher HPV expression (Extended
Data Fig. 8j). This analysis was hindered by small sample size, and the effect on survival
had borderline statistical significance (p=0.05), highlighting the need for further analysis
with a larger patient cohort, while raising the intriguing possibility that loss or reduction of
HPV expression in subsets of cells may have a negative effect on patient survival.

Discussion

Our comprehensive scRNA-seq analysis reveals unappreciated diversity, both in genomic
CNA profiles (Fig. 2) and in HPV gene expression (Fig. 4), within individual OPSCC
tumors. The observed genomic diversity may reflect an HPV-driven genomic instability,
consistent with previous studies?>-27. This instability allowed us to robustly detect invasive
malignant cells in pathologically-normal tissue, which needs to be examined further in larger
cohorts but may ultimately guide improved analyses of tumor margins.

The diversity of HPV expression is observed at three levels. First, different HPV genes are
expressed at distinct levels in each tumor and cell line examined. Overall, E5 is the most
highly expressed HPV gene in tumors, but not in cell lines, highlighting the need to better
understand its regulation and function. Second, these HPV expression patterns vary among
tumors, among cell lines, and even among genetic subclones of the same tumor. Thus, HPV
integration and/or expression patterns may be modulated during tumor initiation and clonal
evolution. Third, we do not detect HPV expression in a subset of cells, and the number

of such cells is significantly higher than would be expected by the technical limitations of
scRNA-seq. While we cannot distinguish between partial and complete repression of HPV
genes, cells with undetected HPV mRNA (HPVoff) are associated with a decrease in the
phenotypes that are driven by HPV oncogenes, namely aberrant cell cycle (through E7) and
avoidance of senescence (through E6). These results suggest that reduced HPV levels persist
for a sufficient degree and time to invoke phenotypes that partially resemble HPV-negative
cells. HPVoff cells present a paradigm of heterogeneity in HPV expression within each
HPV-positive tumor that is associated with unique cell states and clinical implications.

Given the strong evolutionary pressures to suppress viruses, and the multitude of viral-
protective mechanisms, it is tempting to speculate that even in a successful viral infection
and a resulting tumor, the virus may still be suppressed in a subset of cells, thereby
leading to the observed HPVoffcells. In cell lines, such suppression appears to be driven
by epigenetic mechanisms: reduced HPV expression in HPVoffclones is not mirrored by
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reduced copy numbers at the DNA level, and can be achieved by inhibition of epigenetic
regulators. However, we also found significant variability in the fraction of HPVoffcells
between tumor subclones, suggesting that genetic evolution further modulates the transition
towards HPVoffcells. We therefore speculate that multiple mechanisms, both genetic and
epigenetic, regulate HPV expression levels and the emergence of HPVoff cells (see model in
Fig. 5.

The potential clinical significance of HPVoffcells is hinted by their decreased response to
treatments, increased invasion in vitro, and by the trend to worse disease-free survival in
HPV-positive patients with a larger proportion of HPVoffcells. We speculate that aberrant
HPV-driven cell cycle activity facilitates responses to chemotherapy and radiation, partially
accounting for the improved prognosis of HPV-positive tumors. HPVoff cells could resume
their growth after treatment, possibly even switching their HPV expression back on, and
may provide the basis for recurrent HPV-positive tumors.

While the cell cycle behavior of HPVWoff cells is reminiscent of HPV-negative cells, the levels
of CDKNZA (encoding p16) are indistinguishable between HPVoffand HPVon cells based
on scRNA-seq, RNAscope ISH and IHC (Fig. 4b, Extended Data Fig. 6d and 8k). Moreover,
knockdown of E6 and E7 decreased the proliferation of cells but not their levels of p16
(Extended Data Fig. 1 and 7f—g). CDKNZA was, however, significantly upregulated in the
few non-malignant epithelial cells in which we detected HPV reads (Extended Data Fig. 3g),
highlighting the robust and early effect of HPV infection on CDKNZ2A. These observations
raise the possibility that CDKN2A activation is more stable than other HPV-driven effects
and may persist for a long time through unknown mechanisms.

If HPV expression varies after infection while CDKNZ2A (p16) expression remains
constitutively high long after infection, then CDKNZA could theoretically become a more
sensitive readout for latent or past HPV infection than HPV itself, potentially explaining
the common and reliable use of p16 as a clinical marker of HPV infection. Interestingly,
CDKNZA is highly expressed in several OPSCC tumors and cell lines in which we do

not detect any HPV reads (Extended Data Fig. 4c). It is conceivable that such tumors

had initially been driven by HPV, but that during tumor progression one/few of the clones
lost HPV or its expression (as appears to be the case in OP13, see Fig. 2c), and these
clones could have taken over the tumor via clonal evolution. Such a scenario could
explain our observation that OP8 is p16-positive, yet HPV-negative, and has a mixture

of transcriptional TCGA subtypes associated with HPV-negative and HPV-positive tumors
(Fig. 3a—b). Similarly, the subset of atypical cells in OP19 (a tumor with undetected HPV
transcripts but high CDKNZ2A expression) may be a remnant of latent or past HPV infection,
although CDKNZA expression could also reflect non-viral mechanisms of regulation.

In summary, our single cell atlas of OPSCC shows that genes encoded by an oncovirus

(in this case, HPV) may cease to be expressed in a subset of cells, thereby reducing the
oncogenic properties of cells, but also relieving their associated vulnerabilities, which may
allow malignant cells to survive anti-tumor treatments and then potentially re-express the
virally encoded oncogene and resume growth. This model is conceptually similar to that of
reversible drug-tolerant persister cells28, except that the source of drug tolerance is directly
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connected to repression of the oncogene. This model may be particularly relevant for
virally-induced cancers, in which anti-viral mechanisms may drive such oncogenic diversity.
Future studies will determine if this model is relevant in additional contexts and might reveal
new opportunities to eradicate the elusive persister cells in OPSCC and other cancers.

Human Tumor Specimens

Patients with OPSCC at the Washington University School of Medicine gave informed
consent preoperatively to take part in the study following Institutional Review Board
approval (#201911095 and 201102323), complying with all relevant ethical regulations.

A total of 16 patients were included in the study, and received no compensation for
providing tissue samples. Twelve patients were initially clinically classified as HPV-positive
based on p16-staining performed in a CLIA-certified clinical laboratory and interpreted

by a dedicated head and neck pathologist, while four were classified as HPV-negative.

After further analysis of HPV-related reads, one of the HPV-positive samples (OP8) was
reclassified as HPV-negative due to the absence of any detectable HPV reads (see ‘Detection
of rare HPV genotypes’). Age, gender, and other demographic characteristics of human
subjects providing samples are summarized in Supplementary Table 1, while pathologic
features are summarized in Supplementary Table 2.

Sample Processing and Sequencing

Fresh biopsies of OPSCC were collected from the primary tumor at the time of surgical
resection, and in some cases, additional tissue was obtained from metastatic lymph

node (LN) tissue. For histologically negative margins, the surgeon thoroughly irrigated

the primary tumor defect site and then obtained a separate biopsy just beyond the intra-
operative, frozen section margin sent to pathology. In all cases, the intra-operative, frozen
margin analysis returned clear and final permanent margin status was also confirmed to

be negative. A small fragment was snap frozen for bulk whole exome sequencing, and

the remainder of the provided tissue was processed for ScRNA-seq. Fresh samples were
minced, washed with phosphate buffered saline (PBS) (Thermo Fisher Scientific, Waltham,
MA), and dissociated using a Human Tumor Dissociation Kit (Miltenyi Biotec, Bergisch
Gladbach, Germany) per manufacturer guidelines. Red blood cell lysis was performed with
ACK lysis buffer per manufacturer protocol (Thermo Fisher Scientific), followed by dead
cell removal using a dead cell removal kit to improve the viability if needed (Miltenyi
Biotec, Bergisch Gladbach, Germany). Viability was confirmed to be >80% in all samples
based on trypan blue analysis (ThermoFisher Scientific). Cell suspensions were filtered
using a 40 um filter (ThermoFisher Scientific) and dissociated cells were pelleted and
re-suspended in AutoMACS Rinsing Solution with 0.5% bovine serum albumin (BSA,;
Miltenyi Biotech). The single-cell suspension was sorted using human CD45 magnetic
MicroBeads (Miltenyi Biotec) to enrich for CD45+ cells. Briefly, 20ul of CD45 MicroBeads
per 10 total cells was added to the cell suspension and incubated for 15 minutes at 2-8°C.
After incubation, CD45+ and CD45- cells were collected after the cells passed through the
magnetic column. The CD45+ and CD45- cell pellets were then obtained after centrifuging
at 450g for 5 minutes at 4°C. Samples were processed using the Chromium Single Cell

Nat Genet. Author manuscript; available in PMC 2024 April 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Puram et al.

Page 12

3’ (v2 Chemistry), and in two cases 5’, platform with the target of ~10,000 cells (10x
Genomics, Pleasanton, CA) following manufacturer’s instructions. Briefly, cells were added
onto a chip to form Gel Bead-in-Emulsion (GEMs) in the Chromium instrument followed
by cell lysis, barcoding, fragmentation, adaptor ligation and addition of sample index to the
libraries before sequencing. sSCRNA-seq libraries were sequenced on Illumina NovaSeq 6000
machines with a minimal target read count of 0.5 billion per sample. In 4 patients (OP4,
OP6, OP9 and OP14), including the two (OP9 and OP14) who underwent 5’ sequencing,
CD45+ and CD45- cell fractions were sequenced separately. In the remaining cases, cells
from the two fractions were mixed at a CD45+:CD45- ratio of 1:2 (twice as many CD45-
cells) before single cell barcoding. After sequencing, the resulting FASTQ files were aligned
to a custom genome, combining the human genome (grch38) with genomes of the main
high-risk HPV genotypes — HPV16, 18, 31, 33 and 35 — using Cell Ranger v4.0. Assemblies
for the high-risk HPV types were downloaded from NCBI with the following GenBank
accession numbers: HPV16 (GCA_000863945.2), HPV18 (GCA_000865665.1), HPV31
(GCA_003179095.1), HPV33 (GCA _003179955.1), HPV35 (GCA 003180695.1). All viral
FASTA files were concatenated onto the grch38 FASTA. All viral gtf files were adapted for
Cell Ranger usage with the mkgtf function in Cell Ranger and concatenated onto the grch38
gtf. Thereafter, cellranger mkref was used on the new FASTA and gtf to create the custom
reference. All reads that aligned to HPV genes were aligned exclusively to HPV16.

Detection of rare HPV genotypes

Cell Lines

One sample classified as HPV-positive by p16 staining turned out not to have any reads
for the genotypes used in our alignment (16, 18, 31, 33, 35). For this particular patient,
single-cell alignment was also done against HPV45, without any aligned reads. In order to
make sure that this sample actually was HPV-negative, we also tested this patient for 13
HPV genotypes (16, 18, 31, 33, 35, 39, 45, 52, 56, 58, 59, 66, and 68), all of which were
negative (Supplementary Table 9), using a previously validated RT-PCR method?®.

Furthermore, to exclude the possibility that a rare HPV genotype might still be present, we
used the HPV-EM tool3, which detects all known HPV genotypes in human sequencing
data, to reanalyze a number of known HPV-positive samples as positive controls in addition
to OP12 (known HPV-negative, negative control) and OP8 (patient in question). The FASTQ
files from each patient were treated as a pseudobulk sample and aligned to the human
genome, whereafter unmapped reads were mapped, allowing for mismatches, to all known
HPV genotypes. In the HPV-positive patients, H#PVonand HPVoff cells were analyzed
separately. While we did find HPV16 reads in HPVon cells from all analyzed HPV-positive
patients in this cohort, as expected, we did not have any reads mapped to any HPV genotype
in OP12 nor in OP8 nor in the HPVoffcells. No HPV genotypes other than HPV16 were
detected in any sample (Supplementary Fig. 2).

HNSCC HPV positive cell lines SCC47, 93VU147T, and SCC90 were generously provided
by Dr. James Rocco and colleagues. They were cultured in 3:1 Ham’s F12 (ThermoFisher
Scientific): DMEM (ThermoFisher Scientific) supplemented with 10% fetal bovine serum
(FBS) (Peak Serum, Fort Collins, CO) and 1X penicillin-streptomycin-glutamine (PSG)
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(ThermoFisher Scientific). Cells were maintained at or below a confluency of 90% to
optimize growth conditions.

Filtering and Preprocessing

For each sample, cells with fewer than 1000 detected genes were removed as low-quality.
Doublets were identified by combining the results of three alternative methods that were
published recently and implemented in R packages — scdDblFinder3, the hybrid score from
scds32 and the doubletCells algorithm from scran33. For each method, we set the expected
doublet rate at 0.6%, per 500 cells per sample. Cells classified as doublets by at least two
methods, totaling 2,744 of all 73,714 cells (3.7%), were removed as probable doublets.

The UMI matrix was transformed to CPM (counts per million) by normalizing every gene
by the total number of UMIs per sample. The CPM-matrix was then log,-transformed, as
logo(CPM/10+1). Then, the data was mean-centered by subtracting the average expression
of each gene from all values of that gene. We further filtered out the data, keeping only
genes with either an average expression of >4 log,(CPM) across all cells or genes with

>5 UMI counts in >20 cells. After filtering and doublet removal, the resulting matrix had
10,034 genes and 70,970 cells.

Scoring Cells for Gene Expression Signatures

Cells were scored for expression of various gene expression signatures, following our
previously used approach®3.For each cell, a relative expression score was defined by
subtracting the average expression of the gene signature in a cell by that of a control gene
set. The control gene set was defined by dividing all analyzed genes into 30 bins by average
expression level, and for each gene in the gene signature randomly sampling 100 genes from
the same bin.

Cell Type Assighment

The gene-cell matrix underwent dimension reduction using UMAP and Louvain clustering
(k=200), with each cluster assigned as either epithelial, stromal or immune based on the
clusters’ top 50 differentially expressed genes. All cells were also individually assigned

to cell types by scoring for the expression of cell type signature genes (Supplementary
Table 3). Cells fulfilling either of the three following conditions: 1) HPV-positive cell in
non-epithelial cluster, 2) highest cell signature score discordant with cluster assignment

or 3) highest cell signature score less than 1.15*second highest signature score AND
second highest signature scoring cell type discordant with cluster assignment, were set

as unresolved and removed from further analysis; 3,342 cells were filtered out using this
approach. Assignment to any non-immune subtype in an immune cluster was defined as
discordant, and likewise for stromal and epithelial clusters. Cells classified as fibroblasts in
epithelial clusters were kept, so as not to miss malignant cells undergoing EMT.

Cells assigned to any of the immune cell types were reclassified separately. A matrix
was formed from just the immune cells and batch correction applied to samples from
four patients — OP4, OP6, OP9 and OP14, since these samples had their CD45+ fractions
sequenced separately, and showed batch effects. Batch correction was performed through
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assigning every cell to an immune cell type by individual scoring as described above,
followed by centering the expression values of cells from the four above-mentioned patients
to the expression values of all other cells from the same cell type. Final assignments were
achieved through dimension reduction and clustering of the corrected matrix.

Differential Gene Expression Analysis

Whenever differential gene expression analysis was performed, a new UMI matrix was
created containing only the relevant cells. It was then log,(CPM/10+1)-transformed, filtered
to only keep highly expressed genes, and mean-centered as described above. P-values were
corrected using the Benjamini-Hochberg method.

Non-negative Matrix Factorization

Diversity within cell types was studied through non-negative matrix factorization (NNMF).
For every cell type, patients with at least 30 cells belonging to that cell type were selected.
For each patient and the cells of that cell type, a new matrix was created by gene filtering
and centering as described above. All negative values were set to zero, and NNMF was
performed using the snmf/r factorization algorithm from the NMF R package3*. For each
sample and cell type, the algorithm was run 100 times and the factorization yielding the
lowest approximation error was kept.

Every matrix was split into ten factors, each represented by 100 factor-genes. The cells were
then assigned to the factor with highest average factor-genes expression. Factors for which
fewer than 10 cells were assigned were removed. The factor-gene lists from all patients were
then compared, and Jaccard similarities were calculated between every pair of gene lists.
Factors that did not have Jaccard similarities >= 0.2 with any other factor were removed,
since these did not represent recurrent programs. For the malignant cells, a total of 69
factors were kept for downstream analysis. The remaining factors were then hierarchically
clustered, using Euclidean (1-Jaccard similarity) distance as distance metric, with average
linkage.

Clusters of factors (metaclusters) were then used to define subtypes. For each of the
metaclusters representing at least two patients, all genes present in >50% of patients
included in that metacluster were defined as a subtype signature. Cells from every cell

type were then assigned to subtypes by creating matrices consisting just of cells from that
cell type, and scoring every cell for the subtype signatures as described in the section
“Scoring Cells for Gene Expression Signatures”. Annotations for fibroblast and endothelial
cell subtypes were aided by subtype data3:36.

HPV-positive Tumor Signature

An HPV-positive malignant signature score was defined from the three patients where
adjacent as well as tumor tissue was provided. Firstly, all HPV-positive epithelial cells in
adjacent tissue samples were excluded. Thereafter, differential expression analysis between
epithelial cells from tumor samples and epithelial cells from adjacent tissue samples was
performed for each patient separately. Genes that ranked among the top 50 overexpressed
genes in either the tumor sample (“up in cancer” genes) or the adjacent sample (“down in
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cancer” genes), consistently in all three comparisons, were kept. The signature score was
then defined as the average normalized expression of the former genes minus the average
normalized expression of the latter genes.

CNA Inference

To define malignant cells, we firstly inferred copy number aberrations from single cell

data using the method earlier published in1®. For each patient, a matrix was created

from all epithelial and stromal (endothelial/fibroblasts) cells from that patient. The matrix
was filtered, normalized and centered as described above. The genes were then reordered
according to their chromosomal position, and extreme values of normalized expression were
limited by setting the extremes at —3 and 3. For each chromosome separately, a moving
average was calculated at every chromosomal position by using a 100-gene window. As a
baseline reference for normalization, an average CNA value was calculated for each stromal
cell type, defining multiple potential reference profiles that represent cells with normal
karyotype. Then, for each positive CNA value we subtracted the maximum value of these
potential references and for each negative CNA value we subtracted the minimum value of
these potential references. Finally, all values between —0.15 and 0.15, which we consider as
likely reflecting noise rather than a genuine CNA signal, were set to zero. This resulted in a
final matrix of CNA signal by cell.

Subclone Assignments

The epithelial cells in the matrix of CNA values, derived as described above, were clustered
to identify genetic subclones. Given the difficulty in selecting optimal clustering parameters,
our approach was to initially use parameters that define a relatively large number of

cluster (over-clustering) and subsequently merge clusters that have the same set of inferred
aberrations. Specifically, the matrix was first filtered, keeping only the top 2/3 of genes

by absolute value of their CNA signal. The matrix was then subjected to dimension
reduction through UMAP, followed by over-clustering of the UMAP coordinate matrix
through Louvain clustering with k set at 15. Clusters containing fewer than 10 cells were
merged into the most similar larger cluster by KNN distance, with k=In(number of cells).
For each cluster, an average CNA value for all cells in that cluster was calculated for every
chromosome arm. Clusters were assigned as deleted or amplified at a chromosome arm if
the average CNA value across the cells in the cluster over the genes in the chromosome
arm was < —0.15 or > 0.15, respectively. Clusters were then merged if they satisfied

two requirements: (i) equal assignments across all chromosome arms, and (ii) maximum
difference between clusters (across all chromosome arm) smaller than 0.15. This merging
process was repeated, with new average values calculated, until all remaining clusters
differed by at least one chromosome arm.

Malignant Cell Definitions

To separate malignant cells from non-malignant epithelial cells, two metrics — CNA signal
and CNA correlation — were calculated for each epithelial cell. CNA signal was defined
as the average of absolute CNA values across the top 2/3 of genes by CNA value. CNA
correlation was defined as the correlation between the CNA values of every cell and the
average CNA profile of the top 25% epithelial cells by CNA signal. For every subclone

Nat Genet. Author manuscript; available in PMC 2024 April 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Puram et al.

Page 16

analyzed, cutoffs were set for both CNA signal and CNA correlation so that <1% of cells
passing each threshold were stromal reference cells. Cells passing both thresholds were
classified as malignant cells, cells passing neither were classified as non-malignant epithelial
cells, and those passing only one threshold were classified as unresolved.

Signature Score Comparisons by Binning

Comparison

The expression of gene-set signatures between HPV-related subsets of malignant cells were
compared through a binning approach. First, all cells received a signature score as described
above. Cells were then ranked by their expression score and divided into 10 bins of equal
size. For each subset of cells, 100 cells per patient within the subset were randomly sampled
in order to control for uneven number of cells across patients. Then, for each bin and subset,
the actual number of cells in that bin was compared to the expected number, provided an
even distribution across all bins. This process was repeated 100 times, and a mean value of
observed/expected was calculated across all runs.

of G1/S Scores Across Datasets

Nine external sScRNA-seq cancer datasets, acquired through 10x sequencing and comprising
a total of 60056 cancer cells21:37-42 were used for this analysis. For each dataset, the

cells annotated as malignant by the authors were selected, and the UMI matrix log,(CPM/
10+1)-transformed as described above. Genes were not filtered nor were expression values
normalized by centering. Each dataset was then separately scored for the genes in our G1/S
signature as described above. The HPVon, HPVoffand HPVneg cells from our study were
considered as three separate datasets for this analysis and processed in the same way.

From each dataset, 1000 cells were randomly sampled and all cells divided into 10 bins of
equal size, ranked by G1/S score. We then looked at what proportion of cells per dataset
were in the top 3 bins, representing a high G1/S score. This sampling was repeated 100
times, and the mean fraction of cells in the top bins, as well as standard error across the 100
runs, used for comparison of datasets.

TCGA Analyses

An earlier study*3 provided data on HPV reads in ppm for each sample in a subset of

the TCGA HNSCC cohort. Forty patients with available HPV data, of which 28 were HPV-
positive, were oropharyngeal (ICD codes C01, C01.9, C09.9, C10.9), and were used for our
analysis. HPV read counts in ppm were log(ppm)-transformed, and mRNA expression data
was log,(TPM)-transformed. To account for differences in sample composition, we scored
each sample for expression of epithelial genes (Supplementary Table 3) and created a linear
model where we regressed all gene expression scores of interest, including HPV expression,
against the epithelial score. Model residuals were used as final scores for downstream
analysis. Grouping of patients into HPV-high and HPV-low groups for survival analysis was
done using the maxstat algorithm*4,

Cell Cycle Assignment

To set cutoffs for defining which epithelial cells express the cell cycle programs of the G1/S
or G2/M phases and can thus be defined as cycling, we reasoned that: (i) the vast majority of
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non-malignant epithelial cells would not be cycling; and (ii) by permuting the expression of
each cell cycle gene across the non-malignant epithelial cells we could reduce the signal of
the potential few cycling cells, thereby defining reference profiles representing non-cycling
epithelial cells. We thus scored all the epithelial cells, as well as the permuted non-malignant
cells, for the G1/S and G2/M signatures. We then used the maximal observed scores of the
permuted non-malignant cells as cutoffs for the G1/S and G2/M signature scores.

Flow Cytometry and Single-cell Clone Expansion

Upon reaching 80% confluence, SCC47 and 93VU147T cells were trypsinized from the
plate and filtered through 40 um filters (ThermoFisher Scientific). Filtered cells were
washed with PBS and suspended in Hank’s Balanced Salt Solution supplemented with 2

mM EDTA. To obtain a single cell from the bulk suspension, we performed cell sorting

at the Siteman Flow Cytometry Core (Washington University School of Medicine). Briefly,
standard forward scatter height versus area criteria were used to discard doublets and capture
singlets. Cells were sorted into a 96-well plate containing 100 puL of complete growth
medium with 1X penicillin-streptomycin (ThermoFisher Scientific). Plates containing sorted
single cells were spun down at 200g for 5 minutes and incubated at 37°C and 5% COs.
Plates were scanned for single cell colonies via microscope as soon as small aggregates of
cells were visible by microscope, with single clone-derived colonies usually appreciable two
weeks later. The confirmed single clones were transferred to 12-well plates and incubated
for an additional two weeks to expand the clonal populations. To characterize the HPV
genetic and transcriptomic heterogeneity in SCC47 and 93VU147T cell lines, we selected 10
single-cell clones from each cell line.

For flow cytometric cell cycle analyses, cells were fixed with 70% ice cold ethanol and
stained with propidium iodide (30 pg/ml of PI (Sigma) with 200 pug/ml of RNase (Sigma) in
0.1% of Triton-X-100 (Sigma) in PBS) for one hour at room temperature. Cell cycle analysis
was completed with at least 10,000 cells using CytoFLEX Flow Cytometer and data were
analyzed using FlowJo v9.0 software. The gating strategy is shown in Supplementary Fig. 3.

Cell Treatment

SCC47 was treated with 0.2 uM of cisplatin (Sigma) or equal volume of DMSO (vehicle)
for 72 hours. HPV positive 93VU147T cells were irradiated with a dose of 8 GY and

the controls were untreated, then collected 24 hours later. SCC47 and 93VU147T cells
were treated with varying dosages of the DNMT inhibitor decitabine (generously provided
by Dr. Ting Wang) and the H3K27 histone methyltransferase EZH2 inhibitor tazemetostat
(MedKaoo), respectively, with DMSO (vehicle) treatment as a control. Cells were treated for
72 hours before they were collected for expression analysis of HPV genes.

CRISPRi Knockdown

Golden-Gate cloning protocol was used to clone the HPV-16 E6 and E7 targeting SgRNA
oligos (Supplementary Table 10) into the sgOpti lentiviral vector backbone (Addgene).
Lentivirus was generated via co-transfection of CRISPR plasmids into 293T cells with
psPAX?2 packaging plasmid (containing the GAG/POL genes) and pMD2.G plasmid
supplying the VSVG envelope gene (Addgene) using PEI (2ug/ml). dCAS9-KRAB (lenti-
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dCAS9-dKRAB-blast, Addgene) SCCA47 and 93VU147T cells expressing catalytically
inactive dead Cas9 fused to transcriptional repressor KRAB were transduced and then
selected with puromycin and blastocidin (Life Technologies). Knockdown of genes was
confirmed by gPCR.

Nucleic Acid Extraction and Reverse Transcription

The genomic DNA and total RNA of the HPV positive cell lines (SCC47 and 93VU147T)
were extracted by DNeasy Blood & Tissue Kit (QIAGEN, Germany) and RNeasy Plus

Mini Kit (QIAGEN, Germany), respectively, according to manufacturer’s instructions. We
performed first strand synthesis with Maxima H Minus Reverse Transcriptase (Thermo
Fisher Scientific) per manufacturer protocols using a dT18VN primer (Supplementary Table
10). Both genomic DNA and cDNA were stored at —20°C.

gPCR Analysis

gPCR was used to quantify relative HPV gene copies and expression. Primer sequences are
listed in Supplementary Table 10. For the quantification of relative viral gene copies, we
used the single copy gene (albumin) as an internal reference. The amplification efficiency of
the viral genes (E6 and E7) was compared to that of albumin in order to estimate the relative
viral gene copies*®. We also generated a standard curve with a 10-fold dilution series of
plasmids containing the albumin gene (spanning 5 logs from 10° to 109 copies) to estimate
the albumin gene copies. To quantify the relative HPV expression, we used GAPDH as an
internal reference. We performed the qPCR with either 50 ng of the genomic DNA for gene
copy analysis or the cDNA for gene expression analysis per manufacturer protocols using
the ABI QuantStudio Q3 (Applied Biosystems). We generated melting curves after each
PCR and all samples yielded a single peak.

Matrigel Invasion Assay

Matrigel invasion assay was performed following an established protocol*®. Briefly,
preformed matrigel invasion chambers (Corning) were prepared per manufacturer protocol.
Serum-containing media was placed below the invasion chambers and 2.5 x 104 cells
suspended in 500 pL serum-free media were placed above the invasion chambers and
incubated for 24 hours. Cells on the lower surface of the membrane were fixed with
methanol, stained with crystal violet, and counted in a blinded manner. Cells in serum-
containing media were used as a negative control.

Immunocytochemistry

Cells were fixed in freshly prepared 4% paraformaldehyde for 20 minutes at room
temperature, washed with PBS and subsequently blocked and permeabilized with 0.1%
Triton X in 10% goat serum containing PBS in room temperature for 1 hour. Cells were then
probed with primary antibodies, Ki-67 1:500 dilution (D2HO0 rabbit mAb, Cell Signaling),
E6 1:100 dilution (mouse anti-virus, clone C1P5, Invitrogen), E7 1:100 dilution (mouse
anti-virus, clone TVG701Y, Invitrogen) diluted in 10% goat-serum PBS and incubated
overnight at 4 degree Celsius. Cells were washed with PBS and then probed with secondary
antibody, goat anti-rabbit IgG (H+L), Fab2 Alexa Fluor 594, goat anti-mouse 1gG (H+L),
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or Fab2 Alexa Fluor 488 (Cell Signaling) at 1:400 dilution in 2% goat serum containing
PBS for 1 hour at room temperature followed by PBS washes and mounted with DAPI
(Fluoroshield, Sigma). Imaging was completed using Fluorescence Eclipse Ti2 Inverted
microscope (Nikon).

Molecular Fluorescent In Situ Hybridization (MFISH)

Viral RNA ISH (RNAScope) and DNA ISH (DNAScope) were performed using RNAscope
2.5 HD Reagent Kit Red assay combined with Immunohistochemistry (Advanced Cell
Diagnostics) according to manufacturer’s instructions. Briefly, slides were baked in dry

air oven for one hour at 60°C, deparaffinized (Xylene for five minutes twice followed

by 100% ethanol for two minutes twice), hydrogen peroxide was applied for 10 minutes

at room temperature, and co-detection target retrieval was done using Steamer (BELLA)
for twenty minutes and washed with PBS-T. Tissue slides were then incubated overnight
with p16-INK4a antibody (LSBio) in HybEz Slide Rack in the Humidity Control Tray

with damp humidifying paper and incubated overnight at 4°C. The next day, post-primary
fixation was done by washing slides with PBS-T and submerging slides in 10% NBF for 30
minutes at room temperature. Slides are washed with PBS-T and Protease Plus was added
to each slide for 30 minutes at 40°C then washed with distilled water. RNAscope antisense
probes were utilized to target RNA of specified viral genes, while DNAScope sense probes
were utilized targeting DNA of specified viral genes®’. Selected probes were warmed at
40°C and hybridized with specific oligonucleotide probes for 2 hours at 40°C in HybEZ
Humidifying System. Details of antibodies, probes, and sequences are in Supplementary
Table 11. RNA/DNA was then serial amplified and stained with Fast Red solution. Slides
were blocked with co-detection blocker for 15 minutes at 40°C and washed in PBS-T.
Secondary Alexa Flour 488 antibody (Abcam) was applied for one hour at room temperature
in the dark. Finally, slides were washed with PBS-T and counter stained with DAPI (Sigma)
and mounted with ProLong Gold Antifade Reagent (Invitrogen). RNAScope was optimized
with a PPIB probe as a positive control, while a DapB probe and no secondary antibody
served as negative controls. All slides were imaged on the EVOS M5000 Imaging System
(Invitrogen) for scoring.

Quantification was performed with CellProfiler using the ISH pipeline by Erben et al*8.
Adjustments were made to accommodate cell size as well as green versus red staining.

Dot staining was identified based on intensity and distinct pixel ranges for DAPI (nucleus,
20-50 pixels), green (p16, 10-30 pixels), and red (E6 or E7, 3-12 pixels). Cell size was
identified using a 5-pixel radius from nucleus and images were overlaid to count dots per
cell. A positive stain scoring of p16 was determined as greater than 1, while a negative stain
score was determined as less than 1. Red (E6 and E7) RNA ISH signal was detected within
individual cells and scored using ACD scoring bins. Bin scoring ranged from < 1 dot/cell
designated as bin 0, 1-3 dots/cell designated as bin 1, 4-9 dots/cell designated as bin 2,
10-15 dots/cell designated as bin 3, and > 15 dots/cell designated as bin 4. Stain scoring
remained the same for all genes of interest with positive staining determined as >0 dots/cell
and negative staining as 0 dots/cell per ACD guidelines. DNA ISH signal was detected and
scored in a similar fashion. RNAse treatment was used to confirm that signal was specific
to DNA. All RNA and DNA ISH images were reviewed with a dedicated head and neck
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pathologist, who confirmed the heterogeneous pattern of HPV RNA expression compared to
a more homogeneous pattern of HPV DNA detected.

Dual-Stain Immunohistochemistry

FFPE blocks of the patient tumors were sectioned onto slides at 4 um. Slides were baked

at 60 degrees for 30 minutes followed by deparaffinization with xylene and graded ethanol.
Diva Decloaker (Biocare Medical) was used for heat mediated antigen retrieval for all
stains. Blocking was performed with Dako Dual Endogenous Enzyme Block (5 minutes).
HPV TYPE 16/18 E6 Mouse Monoclonal antibody (1:50 dilution, Thermofisher, cat# MA1-
46057) was applied first and incubated for 30 minutes. Secondary antibody incubation was
performed with the Dako EnVision+ Dual Link System-HRP for 30 minutes, followed

by DAB staining for 5 minutes. Blocking with Dako Dual Endogenous Enzyme Block

was then repeated for 5 minutes. Staining with P16-INK4A polyclonal antibody (1:75
dilution, Thermofisher, cat# 10883-1-AP) was then performed with a 30 minute incubation
time. Dako Powervision Poly-AP was used for secondary antibody staining (30 minutes),
followed by incubation with AP Red substrate for 5 minutes. Sections were then mounted
with a coverslip with Glycergel (Dako).

Cell Proliferation

Statistics

CellTitre-Glo (CTG) proliferation assays (Promega) were completed according to
manufacturer protocols. Briefly, 2000 cells were seeded per 96 wells in technical replicates
of 5. Cells were lysed on day 0 (one hour after seeding of cells), 1, 3,5, 7, and 9

for HPV single clones and day 0, day 2, day 4, day 6, day 8, day 10 and day 12

for E6 and E7 HNSCC knockdown cell lines by addition of the CTG reagent followed

by measurement of luminescence using the Biotek Cytation 5 (BioTek, Winooski, VT).
Background luminescence was removed. Luminescence values were adjusting based on 2uM
Adenosine triphosphate (ATP) luminescence measured on the same plate for each day.

All functional experiments were performed with at least three independent biological
replicates, with number of replicates indicated in figure legends. Statistical analyses for
functional experiments were performed with GraphPad Prism 4.0. All histograms are
presented as mean + s.e.m. Student’s t-test was used for comparisons in experiments
with two sample groups. In experiments with more than two sample groups, ANOVA was
performed followed by Bonferroni’s post hoc test.

Software Packages

Data analysis was performed in R (version 4.1.0) with the following packages used:
caTools version 1.18.2 for calculating moving averages, circlize version 0.4.13 for creating
colour palettes, class version 7.3-19 for classifying cells by kNN, clusterProfiler version
4.0.2 for enrichment analysis, ComplexHeatmap version 2.8.0 for plotting heatmaps, dplyr
version 1.0.7 for data handling, FNN version 1.1.3 for creating KNN graphs, ggplot2
version 3.3.4 for creating plots, ggrepel version 0.9.1 for separating text labels in plots,
gtools version 3.9.2 for random permutation of values, igraph version 1.2.6 for Louvain
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clustering, Matrix version 1.3-4 and Matrix.utils version 0.9.8 for working with sparse
matrices, msigdbr version 7.4.1 for enrichment analysis, NMF version 0.23.0 for performing
NMF, parallel version 4.1.0 for parallellising computation, reshape2 version 1.4.4 for data
handling, scDBIFinder version 1.7.1, scds version 1.8.0 and scran version 1.22.1 for doublet
detection, SingleCellExperiment version 1.14.1 for data handling, stringdist version 0.9.6.3
for calculating similarity between character strings and uwot version 0.1.10 for creating
UMARP plots.
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Extended Data Fig. 1. Expression of marker genesand HPV genes, related to Figure 1.
(A) UMAP of all cells (n=70,970) colored by expression of selected marker genes.

(B) UMAP of immune cells (n=22,818) colored by expression of selected marker genes.
(C) Histologic sections of two representative HPV+ (p16+) and HPV- (p16-) oropharynx
tumors (OP34 and OP12), stained by H&E (top) and p16 (bottom). Staining was repeated
three independent times with similar results. Scale bar = 100 pm.
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(D) UMAP of all cells colored by detection of at least one read from HPV16 genes.

(E) Dot plot showing variability in expression of H

PV genes (rows) across patients

(columns). The last column summarizes all HPV-negative tumors. The top row shows
the sum of HPV gene expression per patient (HPVtotal). The size of each dot represents
the fraction of cells with at least one read for that gene in each patient, while the color

represents the fraction of HPV reads in one patient
the latter metric, HPVtotal is set to 1.
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Extended Data Fig. 2. CNA patternsand controls, related to Figure 2.
(A) Average CNA profiles of malignant cells, normal epithelial cells and fibroblasts/

endothelial cells used as reference for each patient. Each row is a cell subset within a patient.
Rows are ordered by cell subset and patient ID. Columns are chromosomal positions. For
each row and chromosome, the chromosome was split into five bins.

(B) UMAP of all cells colored by HPV-positive tumor score.

(C) CNA signal and correlation scatter plot of OP17. Cells are colored by their expression of
the HPV-positive tumor score.

(D) Violin plots showing expression of the OP9 mesenchymal signature (left panel) and the
TCGA HNSCC mesenchymal signature (right panel) in four subsets of cells; 300 cells were
randomly sampled from each subset to ensure equal-sized groups.

(E) Dot plot showing variability in HPV gene expression between subclones in one patient,
OP4. The size of each dot represents the fraction of cells with at least one read for that gene
in each subclone, while the color represents the fraction of HPV reads in one subclone that
reflect the corresponding gene. For the latter metric, HPVtotal is set to 1.

Nat Genet. Author manuscript; available in PMC 2024 April 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Puram et al.

Page 25

£ OP34 CNA plot
24 -
(?)(E“ 3 Normal
=K
og
2 7 -
o[ subclone
-1 « CNA
] o - 4 13 log,-ratio
; Bk é &) 1
B OP34 CNA scores ko 2 3 £ 5
1z iR A
e o%’k subclone - l._:]
2 ¢ : Origin

o
3

X D Margin

-~ - % —
'EW 5 r o 1 % ICore
i = X
8 subclone ki
® 3

CNA signal
o
S

0.05
subclone
0.00 E e
0.0 0.4 0.8 = A
o CNA correlation subclone &
.5 028 : . iF
2555 « Eotba -
& 5 pitnelia - N OO ONDDO - NOIDLO ~® O OXE
. % 13 « Fibroblast/Endo. e seeesieie = N
0073 Chromosome o
Normal Core Invasive
Epithelial Cells Cancer Cells ~ Cancer Cells TH179 CNA plot
Origin ]
m—CLU =
-
—SERPINF1 -
L | B
-
=
| CNA
= "
Normal | B Iog?l ratio
~MMP7 -
T = [ ]
B 0
|—BST2 =
=
Rt
—PIGR == Origin
I Core
&
|—-CLDN18 A l.
— ADIRF B 2 £ | Margin
|~LAMTOR4
[
1og2(CPM) ¢
W
" PLD3 ° 1
ZMviP2s #-5
c
- qumwr\wc&g:‘@gg‘@gtgggx_oﬂ%
F G Chromosome o
6
03
05 2
s 02 S,
3 E 2
S 7] T
o < ~
< z o
- o o
o
00 0.1 %
S
&
c
2
(7]
0.0-
Malignant  Hpy- HPV+ Malignant  Hpy- HPV+

cells

cells

Non-malignant cells Non-malignant cells

0 1
I0g2(FC) HPV+ vs HPV~

Extended Data Fig. 3. CNA-based detection of invasive malignant cells, related to Figure 2.
(A) Histologic section of the lateral margin from OP34, stained by H&E. A piece of mucosa

was taken beyond this histologically clear (pathologically negative) margin for SSRNA-seq
(labeled “‘margin”). Staining was repeated three independent times with similar results. Scale
bar = 1000 pm.

(B) CNA signal and correlation scatter plot of OP34. Cells are colored by their expression of
the HPV-positive tumor score. Epithelial cells from the margin sample are circled.
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(C) CNA plot of OP34. Cells were randomly sampled from all subclones in equal numbers
to ensure equal-sized groups. Column at the right shows the origin of cells from the tumor
core and margin samples.

(D) Heatmap of differentially expressed genes in the three epithelial cell subsets of lung
adenocarcinoma sample TH179 — normal epithelial cells, invasive malignant cells and
malignant cells from the tumor core. Rows are genes, columns are cells. Cells were
randomly sampled from the normal and core subsets to ensure equal-sized groups.

(E) CNA plot of lung adenocarcinoma sample TH179. Column at the right shows the origin
of cells from the tumor core and margin samples.

(F) HPV expression in normal epithelial cells. Violin plots showing values for CNA signal
and CNA correlation for the 51 HPV-positive and 779 HPV-negative negative nonmalignant
epithelial cells from HPV-positive patients, as well as for 830 randomly sampled cancer cells
from the same patients, one cancer cell per patient sampled per nonmalignant epithelial cell.
(G) Volcano plot of differentially expressed genes between nonmalignant epithelial cells
(defined by lack of CNAs) with or without HPV expression. P-value derived from two-sided
t-test adjusted for multiple comparisons.
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Extended Data Fig. 4. Diversity of malignant cellsacrosstumors, related to Figure 3.
(A) Heatmap showing relative expression of differentially expressed genes (rows) across all

tumor samples (columns). Selected genes include the top 50 preferentially expressed genes
from each tumor.

(B) Hierarchical clustering of “pseudobulk” tumor profiles (defined by averaging all
malignant cells per sample). Shown are Pearson correlations, ordered by the clustering of
samples. Bottom panels show additional tumor characteristics with the same tumor ordering
as in the heatmap, including (from top to bottom): the percentage of cells with detected HPV
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reads, the clinical HPV status (defined by p16 staining), three TCGA subtype scores, and
scores for all meta-programs defined in Fig. 3c—d.

(C) UMAP of all malignant cells, colored by mRNA expression of CDKN2A (encoding for
pl16). OP19 is circled.
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Extended Data Fig. 5. Heter ogeneity among common cell typesin the OPSCC
microenvironment, related to Figure 3.

For each of the common cell types in the OPSCC microenvironment (endothelial cells,
fibroblasts, macrophages, T cells, B cells, and myofibroblasts), the corresponding panel
shows meta-programs, as defined using the same approach as performed for malignant cells
and shown in Fig. 3d. Shown are the relative expression levels of meta-program genes
(rows) in all cells of the corresponding cell types (columns). Top panels indicate the patient
of origin for all cells.
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Extended Data Fig. 6. Characteristics of HPVoff cells, related to Figure 4.
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(A) Percentage of cells positive for E6 or E7 in RNA ISH analyses (n=4 tumors, shown
are mean and standard errora cross nine regions per tumor). Percentage of HPVon cells by

SCRNA-seq (bottom) correlates with RNA ISH values (p<0.01, ANOVA).

(B) IHC of representative HPV-positive (OP5, OP6, OP33, and OP35) and HPV-negative
(OP19) tumors and normal tonsil stained for malignant-cell specific marker p16 (pink)

and viral E6 protein (brown). Similar results were obtained in three independent
experiments. White arrowheads denote p16 positivity without E6 expression. Scale bars:
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Low magnification = 10 mm (tonsil, OP5, OP6), 5 mm (OP19), 7.5mm (OP35); intermediate
magnification = 1000 um; highest magnification = 250 pm.

(C) Enriched MSigDB Hallmark gene-sets among genes significantly overexpressed in
HPVon versus HPVoffcells. X-axis: fraction of significantly upregulated genes in the gene
set.

(D) Differential expression of all analyzed genes between HPV-related classes of malignant
cells. X-axis: difference between HPVonand HPVneg cells; Y-axis: difference between
HPVobnand HPVoff cells, averaged across all HPV-positive patients. Genes are colored by
their assignment to meta-program(right legend). CDKN2A (p16, highlighted in red) was not
significantly different between HPVon versus HPVoff cells, but was the most overexpressed
gene in HPVon cells compared to HPVneg cells.

(E) For three meta-programs (panels), cells were divided into 10 bins of equal size, ranked
by average expression from low (/ef?) to high (right). Y-axis: mean ratio of cells belonging to
an HPV subset versus the expected number assuming random distribution across bins. Error
bars reflect SEM based on 100 re-sampling runs (n=5 patients for HPVVneg, n=11 patients
for HPVon and HPVOff). P-values are based on chi-square test.

(F) Fractions of cycling cells, EpiSen-high cells and APVon cells across genetic subclones.
Subclones with a high fraction of #PVon cells tend to also have higher proliferation (p<0.05
for correlations in OP13, OP33 and OP35).

(G) G1/S (X-axis) and G2/M (Y-axis) scores of all malignant cells, colored by the
percentage of cycling cells among their neighbors (20 closest cells in this plot).
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Extended Data Fig. 7. Regulation and function of HPVoff cells, related to Figure5.
(A) HPV expression and G1/S gene expression across cervical squamous cell carcinoma

TCGA samples. Shown are residuals after regression (Supplementary Table 3).

(B) Variability in HPV expression between cell lines. Dot size and color represent fraction
of cells with at least one read and fraction of HPV reads that reflect the corresponding gene,
respectively.
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(C) Cells were divided into 5 bins by average G1/S expression from low (/ef?) to high (righi).
Y-axis: mean ratio of cells in an HPV subset versus expected number assuming random
distribution. Error bars are SEM by 100 resampling runs. P-value based on chi-square test.
(D) Immunocytochemistry of 93VU147T cells probed with Ki67 (red), p16 (green), and
DAPI (blue). Scale bar = 100 pum.

(E) Percentage of Ki67 positive cells among p16 positive and negative cells. 50 cells were
counted across four fields (n=4).

(F) Relative expression of E6 and E7 in non-target, control (NT) compared to E6 or E7
CRISPRi knockdown (KD) 93VU147T (left) or SCC47 (right) lines (n=3; p<0.0001, t-test).
(G) Relative expression of p16 in same lines as in (F). Data are presented as mean +/— SEM.
There was no change in p16 upon E6 or E7 knockdown (n=3).

(H) Relative expression of E6 and E7 among HPVon and HPVoffsingle clones derived from
93VU14T7T (/ef)) and SCCAT (right) after three weeks of culture and numerous passages.
HPVbnand HPVoff clones maintained relatively high and low expression states (n=3;
p<0.005, t-test).

(I) Relative expression of p16 in same clones as in (H).

(J) Proportion of cycling cells in HPVonand HPVoffsingle clones in 93VU147T (/eff) and
SCCA7 (right) by flow cytometry (n=3; p<0.05, t-test).

(K) Relative proliferation of HPVon single clones from 93VU147T (/efi) and SCC47 (right)
cultured under normal growth conditions (+FBS) or serum starvation (—-FBS) for 48 hours.
Proliferation was reduced with serum starvation (n=5; p<0.001, t-test).Relative expression
of E6 and E7 in HPVon single clones in 93VU147T (/eff) and SCCAT (right) under normal
growth conditions (+FBS) or serum starvation (—FBS) for 48 hours (n=3).
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Extended Data Fig. 8. Functional impact of HPVoff cellsand p16 expression, related to Figure 5.
(A) HPV copies per genome of E6 and E7 (normalized to albumin) for H#PVon and HPVOff

single clones from 93VU147T (/ef?}) and SCCAT (right).

(B) DNA ISH (DNAScope) of representative HPV-positive (OP14, OP20, OP33, and OP35)
and HPV-negative (OP16) tumors for viral E6 (left) and E7 (right) DNA (red) with
immunofluorescence co-staining for regions of tumor as marked by p16 protein (green)

and nuclei by DAPI (blue). HPV-positive tumors display p16 positive malignant cells with
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homogenous E6 and E7 DNA signal. HPV-negative tumors do not have signal for p16
protein or E6 or E7 DNA. Scale bar = 1000 pym.

(C) Percentage of cells positive for E6 or E7 DNA among p16 positive malignant cells in
DNA ISH analyses (n=4 tumors, five areas per tumor). Nearly all p16 positive malignant
cells demonstrated E6 or E7 DNA signal.

(D) Relative expression of E6 and E7 in 93VU147T cells treated with vehicle or
tazemetostat (n=3). All doses did not significantly affect cell viability.

(E) Relative expression of E6 and E7 in SCC47 cells treated with vehicle or escalating
concentrations of decitabine (n=3). All doses did not significantly affect cell viability.

(F) Relative expression of E6 and E7 in HPVonand HPVoffsingle clones from 93VU147T
(left) and SCCA47 (right) treated with tazemetostat, decitabine, or vehicle. HPVon clones
show reduction in E6 and E7 expression upon tazemetostat or decitabine treatment
compared to HPVoff clones (n=3; p<0.00001, t-test).

(G) Proportion of viable cells after treatment of SCC47 HPVonand HPVWoffsingle cell
clones with cisplatin, relative to cells treated with vehicle (dashed line). HPVon clones were
more susceptible to cisplatin compared to HPVoffclones (n=5; p<0.00001, t-test).

(H) Invasion of HPVon and HPVoff single clones from 93VU147T (fop) and SCC47
(bottom). Scale bar = 100 pym.

(1) Relative invasion of HPVonand HPVWbffsingle clones from 93VU147T (/ef?) and SCCA47
(right) cells. HPVbffcells were more invasive than HPVon (n=4; p<0.05, t-test).

(J) Improved disease-free survival in HPVhigh compared to HPVIow samples, among
TCGA p16+ oropharyngeal samples (n=28; p = 0.05).

(K) 7op: percentage of p16 positive malignant cells (by IHC) and proportion of HPVon cells
(by scRNA-seq). Bottom: pl6 staining from tumors with low (OP9), intermediate (OP35)
and high (OP20) proportions of HPVon cells (bottom). No correlation between HPVon
proportion and percentage of p16 positive cells (n=10 tumors). Scale bar = 100 pym.
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Figure 1. SCRNA-seq analysis of 16 OPSCC tumors.
(A) Scheme of the workflow for OPSCC profiling and subsequent analysis. (B) UMAP plot

of all cells that passed QC (n=70,970), colored by cell type and patient. (C) UMAP plot of
all immune cells (n=22,818), colored by immune cell type. (D) Dot plot showing expression
of selected marker genes (Y-axis) by all cells assigned to each cell type (X-axis). Dot size
represents average expression, and dot color represents the fraction of cells with non-zero
expression.
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Figure 2. Inference of chromosomal aberrations for identification of malignant cells, genetic
subclones and invasive cells.

(A) CNA plot of OP17, inferred through taking a 100-gene moving average of relative
expression values across the transcriptome (Methods). Rows represent cells, arranged by
genetic subclones, and columns genes, arranged by chromosomal position. Fibroblasts

and endothelial cells, used as reference for CNA inference, as well as cells classified as
non-malignant epithelial cells, are shown above the malignant cells. (B) Scatter plot of
two CNA metrics used for classification of cells as malignant, CNA signal (Y-axis) and
CNA correlation (X-axis). All epithelial and stromal cells of OP17 are shown, colored

by their cell type, subclone assignment and HPV expression. (C) Left: average CNA
profiles for all identified genetic subclones; rows represent subclones, ordered by patient,
and columns represent chromosomal positions (with five bins per chromosome). Right:
scores of subclones (arranged as in left panel) for the TCGA subtypes and the HPV+ tumor
signatures, the percentage of cells with HPV reads, and the HPV clinical classification of
the corresponding tumor based on p16 staining. Subclone scores reflect average scores of
the cells in each subclone. (D) CNA plot of malignant cells in OP9 as in (A). Columns on
the right show detection of HPV reads and average expression of a mesenchymal signature
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found in OP9. (E) Inferred phylogenetic tree of genetic subclones in OP9. The percentage
of cells with detection of HPV reads is noted for each observed subclone; chromosomal
deletions (green) and amplifications (red) are noted for each observed subclone as well as
for the inferred ancestral clone. (F) CNA signal and correlation scatter plot for OP34 as in
(B). Cells are colored by their origin (tumor core or margin sample) and by HPV expression.
(G) Heatmap of differentially expressed genes between the three subsets of epithelial cell in
OP34 — normal epithelial cells, invasive malignant cells and malignant cells from the tumor
core. Rows represent genes, columns represent cells. An equal number of cells is shown
from each subset (to that end, cells from the normal and tumor core subsets were randomly
sampled).
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Figure 3. Diversity of OPSCC malignant cells.
(A) UMAPs of all malignant cells (h=20,323) colored by patient (left panel), HPV

expression (middle panel) and TCGA subtype (right panel). Cells with smaller than 1.5 fold-
change between the top and the second highest subtype scores were defined as unresolved
and marked in grey. (B) Pie charts representing the fraction of cells assigned to each TCGA
subtype (excluding unresolved cells), per patient (above) and per subclone for patients with
multiple subtypes and multiple subclones (below). (C) Hierarchical clustering of 69 NNMF-
derived program signatures from 16 patients (see Methods). Signatures are clustered by
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Jaccard overlap. Groups of signatures, from which meta-programs are derived, are annotated
on the left. Top panel shows the patient origin for each program using the same color map
as in (D). (D) Expression of meta-program genes (rows) in all malignant cells (columns).
Top panel indicates the patient origin for every cell. (E) For each meta-program, bar-plot
shows the fraction of cells, out of those assigned to that meta-program, in three HPV-related
classes: cells from HPV-negative tumors (HPVneg, light green) and cells from HPV-positive
tumors in which HPV reads are detected (HPVon, red) or undetected (HPVoff, dark green).
Asterisks denote enrichment (black and vertical) or depletion (grey and horizontal); asterisks
within the HPVneg area denote enrichment/depletion in HPVneg vs. HPV-positive tumors
(HPWonand HPVoff), and asterisks within the HPVon or HPVWbffarea denote enrichment in
comparison between those two classes. Significance of enrichment/depletion was calculated
using a hypergeometric test, corrected for multiple-testing. Bar-plot at the left shows the
same analysis for all malignant cells. When calculating all fractions, 100 cells per patient
and subset were randomly sampled 100 times to avoid patients with more cells skewing the
results.
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Figure 4. HPVoff cellsand their association with cell cycle and senescence.
(A) Fraction of cells with zero reads for 1000 control gene-sets and for the set of five

detected HPV genes (E1, E2, E5, E6 and E7). Each control gene-set includes one non-

HPV gene as the matched control for each of the five HPV genes. Control genes were
randomly sampled among the 100 genes closest to the respective HPV gene, based on
average expression across all cancer cells from HPV-positive patients (p<2.2e-16, z-test). (B)
RNA ISH (RNAScope) of representative HPV-positive (OP14, OP20, OP33, and OP35)

and HPV-negative (OP16) tumors for viral E6 (left) and E7 (right) RNA (red) with
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immunofluorescence co-staining for regions of tumor as marked by p16 protein (green)

and nuclei by DAPI (blue). HPV-positive tumors display regions of p16 positivity with
absence of E6 and E7 RNA signal, consistent with an HP\Voff state (arrowheads), while
other regions have p16 along with E6 and E7 expression (HPVon; arrows). HPV-negative
tumors do not have signal for p16 protein or E6 or E7 RNA. Scale bar = 1000 um. (C)
Scatter plot of differences in program expression between cells from different HPV classes.
The X-axis shows mean difference, for all genes in each metaprogram, between HPVon and
HPVoffcells within the same patient (n=11 patients). The Y-axis shows mean difference
between HPVon cells, averaged across all HPV-positive patients (n=11), and HPVneg cells,
averaged across HPV-negative patients (n=5). Error bars represent the standard error of the
mean for each geneset. (D) Log,-ratio of observed to expected number of cells in each

bin of G1/S scores ranked from low (/ef?) to high (right), for each HPV-positive tumor
(rows). Top and bottom rows correspond to the HPVon and HPVoffcells, respectively. |
Mean fraction of malignant cells with high G1/S expression, as defined by the top 3 bins

of G1/S scores, in each HPV class from this work and in multiple external datasets (n=9).
Error bars show standard error of the mean fraction from 100 repetitions with sampling of
1000 cells per dataset. (F) Mean proportions of EpiSen-high noncycling cells across HPV
subsets in n=5 (HPVneg) and n=11 (HPVon, HPVoff) patients. The top 20% of all malignant
cells by average expression of the EpiSen program genes were defined as EpiSen-high. The
y-axis shows, per subset, the mean proportion of EpiSen-high noncycling cells among all
noncycling cells. Error bars represent standard error after resampling 100 times, each time
sampling 200 cells per patient and subset. (G) Proportions of cycling cells and EpiSen-high
noncycling cells for each patient and HPV subset.
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Figure 5. Regulation and function of HPVoff cells.
(A) Scatter plot of all HPV-positive OPSCC samples in the TCGA cohort, showing

correlation (two-sided Pearson correlation test) between the relative expression of HPV
and of the genes in the G1/S program. Relative expression values reflect residuals, after
normalizing each sample for malignant cell content (using the epithelial signature from
Supplementary Table 3). (B) UMAP of 1,422 cells from three HPV-positive cell lines
colored by HPV expression. Cells with at least one read from an HPV16 gene were
considered HPV+. (C) Differences in expression of the G1/S genes between HPV subsets
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in the HPV-positive cell line 93VU147T. Cells were divided into 5 bins of equal size,

ranked by average expression. The Y-axis shows mean ratio of cells belonging to an HPV
subset in a bin versus the expected humber of cells, assuming random distribution across
bins. Error bars are standard error after 100 resampling runs, where 100 cells per subset
were randomly selected. P-value based on chi-square test, comparing the distribution of
cells per bin between the groups. (D) Immunocytochemistry images of 93VU147T cells
probed with Ki67 (red) and E6 (green, fop) or E7 (green, bottom). Nuclei were stained and
visualized with DAPI (blue). Scale bar = 100 um. (E) Bar plot (mean +/- SEM) shows
percentage of Ki67 positive cells among E6 and E7 positive cells (HPV detected; red) and
E6 and E7 negative cells (HPV not detected; green). 50 cells were counted across four fields
(p<0.00001, chi-square). (F and G) Bar plot (mean +/— SEM) shows relative expression

of E6 and E7 among single clones (n=10) derived from 93VU147T (F) and SCC47 (G)
revealing diversity in HPV expression (p<0.00001, ANOVA).(H and I) Line graph (mean
+/- SEM) shows relative proliferation of HPVonand HPVoIfsingle clones derived from
93VU147T (H) and SCCA47 (1) compared to parent line. HPVon single clones displayed
substantially more relative proliferation than HPVoffsingle clones (n=3; p<0.00001, two-
sided t-test). (J) Left. Bar plot (mean +/— SEM) shows relative expression of E6 and E7 in
93VU147T cells treated with vehicle or tazemetostat (EZH2 inhibitor) (/eff). Right: Bar plot
(mean +/- SEM) shows relative expression of E6 and E7 in SCCA47 cells treated with vehicle
or decitabine (DNMT inhibitor). Tazemetostat and decitabine significantly reduced relative
E6 and E7 expression compared to vehicle in 93VU147T cells and SCC47 cells, respectively
(n=3; p<0.001 and p<0.00001, ANOVA). (K) Left. Bar plot (mean +/— SEM) shows relative
expression of E6 and E7 in 93VU147T and SCCA47 cells treated with radiation or cisplatin,
respectively, normalized to control cells (dashed line) (n=3; p<0.00005, two-sided t-test).
Right. Bar plot (mean +/- SEM) depicts HPV copies per genome of E6 and E7 (normalized
to albumin) for 93VU147T and SCC47 cells treated with radiation or cisplatin, respectively,
normalized to control cells (dashed line). There were no significant differences in HPV
copies in genomic DNA in radiation or cisplatin treated cells compared to control (n=3). (L)
Model of genomic and viral heterogeneity in HPV-related OPSCC. A combination of HPV
infection and associated genetic mutations trigger oncogenesis. Some genetic subclones
continue to express HPV (HPVon), while others may undergo epigenetic switching with
repression of HPV expression (HPVoff) and an associated decrease in cell cycle (circled
arrows).
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