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Abstract

Integrated human papillomavirus (HPV-16) associated head and neck squamous cell carcinoma (HNSCC)
tumors have worse survival outcomes compared to episomal HPV-16 HNSCC tumors. Therefore, there is a
need to differentiate treatment for HPV-16 integrated HNSCC from other viral forms. We analyzed TCGA data
and found that HPV+ HNSCC expressed higher transcript levels of the bromodomain and extra terminal domain
(BET) family of transcriptional coregulators. However, the mechanism of BET protein-mediated transcription
of viral-cellular genes in the integrated viral-HNSCC genomes needs to be better understood. We show that
BET inhibition downregulates E6 significantly independent of the viral transcription factor, E2, and there was
overall heterogeneity in the downregulation of viral transcription in response to the effects of BET inhibition
across HPV-associated cell lines. Chemical BET inhibition was phenocopied with the knockdown of BRD4 and
mirrored downregulation of viral E6 and E7 expression. Strikingly, there was heterogeneity in the reactivation
of p53 levels despite E6 downregulation, while E7 downregulation did not alter Rb levels significantly. We
identified that BET inhibition directly downregulated c-Myc and E2F expression and induced CDKN1A
expression. Overall, our studies show that BET inhibition provokes a G1-cell cycle arrest with apoptotic activity

and suggests that BET inhibition regulates both viral and cellular gene expression in HPV-associated HNSCC.

Introduction

Papillomaviruses, a diverse group of non-enveloped, double-stranded DNA viruses, are known for their specific
affinity for squamous epithelial tissues across various host species (1, 2). Their life cycle is intricately
intertwined with the differentiation program of host epithelial cells, commencing with an initial infection of
basal epithelial cells and culminating in a productive phase as these cells differentiate and migrate toward the

surface, ultimately releasing new virions without causing cell lysis (3-7).

The medical significance of papillomaviruses is substantial, as they are implicated in a spectrum of benign
conditions such as warts. However, their more critical association with malignancies, including cervical, anal,

and oropharyngeal cancers, underscores the profound impact of these viruses on human health (4, 8, 9). Despite
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the introduction of vaccines targeting high-risk papillomavirus types, which has significantly reduced the
incidence of associated diseases, global disparities in vaccine accessibility persist. Moreover, a comprehensive
understanding of the initial phases of the viral life cycle, particularly the establishment of infection and

persistence, holds the potential for innovative therapeutic interventions capable of impeding progression toward

malignancy.

Human papillomaviruses (HPV) possess a compact genome commonly encoding eight proteins, categorized as
early (E) and late (L) proteins. Among the early proteins, E1 and E2 play pivotal roles in viral DNA replication,
with E1 serving as a DNA helicase (10) and E2 regulating transcription while acting as a segregation factor
during cell division (11). E4, often considered a link between early and late gene expression, assumes roles in
virus release and can disrupt the host cell's intermediate filament network (12). The smallest HPV protein, ES,
enhances the proliferation of infected cells and contributes to immune evasion by downregulating MHC class I
molecules (13, 14) . The notorious oncogenes, E6 and E7, hold profound implications for healthcare: E6 targets
p53 for degradation (15, 16) , while E7 binds to the retinoblastoma protein (Rb), leading to cell cycle

dysregulation (17, 18) .

The HPV genome can exist in both episomal (extrachromosomal) and integrated forms. While the episomal
form is essential for the productive viral life cycle, integration into the host genome is often associated with
cellular transformation, making this process pivotal in HPV-induced carcinogenesis. The late proteins, L1 and
L2, constitute the viral capsid, with L1 being employed in vaccine formulations(19) . A comprehensive
understanding of these viral proteins and the virus's genomic state provides invaluable insights into HPV's

pathogenesis and its impact on host cells.

While the majority of HPV infections are benign and self-limiting, persistent infections by high-risk HPV types
are etiologically linked to various cancers. Cervix, oropharyngeal, anal, penile, vulval, and vaginal tissues can
undergo malignant progression. In the initial stages of infection, HPV exists as an episome—a circular,

extrachromosomal DNA(20). This form enables the virus to maintain low-level replication without causing
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cellular damage, often leading to transient infections. During carcinogenesis, HPV DNA can integrate into the
host genome (21). Integration often disrupts the E2 gene, leading to increased expression of E6 and E7
oncogenes, propelling the cell toward malignancy. However, not all integrated HPV genomes are disrupted, as

recent studies have shown that some cancers harbor non-disrupted, integrated HPV genomes, suggesting diverse

mechanisms of HPV-mediated oncogenesis (22).

Although E6 and E7 are crucial in HPV-induced carcinogenesis, they are insufficient to cause cancer; additional
genomic alterations and co-factors are typically required. Therapeutic interventions targeting E6 and E7
proteins, foreign to human cells and consistently expressed in HPV-positive tumors, represent ideal therapeutic
targets. Agents inhibiting these proteins or inducing their degradation are under investigation. Therapeutic
vaccines aim to enhance the immune response against E6 and E7-expressing cells, attempting to eliminate
HPV-transformed cells before malignancy ensues. Given E6's impact on p53 and E7's on Rb, therapies restoring
these pathways, such as MDM?2 inhibitors, hold promise against HPV-associated cancers. Considering that HPV
integration can lead to epigenetic alterations, drugs modifying the epigenetic landscape, such as DNA
methyltransferase inhibitors or histone deacetylase inhibitors, may offer therapeutic potential. A recent and
promising area of therapeutic intervention is the class of bromodomain and extra terminal (BET) inhibitors,
which target proteins containing bromodomains, including BRD4. BRD4, a member of the BET family, plays
pivotal roles in normal physiological processes, particularly in regulating gene transcription. By recognizing
acetylated histones (22), BRD4 facilitates the recruitment of positive transcription elongation factor b (P-TEFb)
to chromatin (23) thus promoting the elongation phase of transcription and influencing cell cycle progression

(24-26), DNA damage response (27-31), and cellular differentiation (32).

BRD4's interaction with episomal HPV genomes is well-documented. It interacts with the viral E2 protein,
essential for maintaining the episomal state of the HPV genome (34). This interaction is crucial for episomal

HPV genome segregation during cell division and the regulation of viral transcription (35). However, once HPV
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integrates into the host genome, the E2 gene is often disrupted, leading to deregulated expression of E6 and E7
oncogenes, which are critical for the oncogenic potential of high-risk HPVs. Although the canonical role of
BRD4 in interacting with E2 is altered upon viral genome integration, BRD4 still plays a role in the
transcriptional regulation of HPV genes in the integrated state due to its broader roles in chromatin organization
and gene transcription through its association with enhancers and super-enhancers. For instance, McBride et al.
demonstrated that in cervical neoplastic cell lines, such as W12 clone 20861, tandemly integrated HPV gives
rise to super enhancers. In these cases, inhibiting BRD4 has been shown to impact the expression of key viral
genes E6 and E7 (33, 34). However, it is crucial to acknowledge that not all viral integrations will culminate in
super enhancer formation. The specific outcome hinges on various factors, including the nature of the virus, the
integration site within the host genome, and the characteristics of the host cell. Furthermore, super enhancer

formation tends to be closely linked to specific cellular programs and cell types (35). Consequently, the context

in which viral integration occurs remains pivotal.

In the context of HPV-associated head and neck squamous cell carcinoma (HNSCC), the impact of BRD4 on
super enhancers that have dispersed viral genomes are not yet fully elucidated. While BRD4's conventional role
in maintaining episomal HPV genomes through E2 interaction may be compromised upon viral integration, its
broader involvement in cellular transcription suggests it may still exert influence over the transcriptional
activity of integrated HPV genomes. This realization underscores the potential therapeutic value of targeting
BRD4 and BET proteins, not only for episomal HPV but also for integrated forms of the virus. This could prove
particularly beneficial in the treatment of cervical and head and neck cancers, which originate from distinct

anatomical sites.

While BRD4 regulation in cervical cancer lines has been described extensively(33, 36), very little is known in
the context of integrated HPV HNSCC tumors. HPV HNSCC patients with HPV16-associated head and neck
squamous cell carcinoma (HNSCC), the presence of integrated HPV-16 genomic forms correlates with more
unfavorable survival outcomes (37) compared to their episomal counterparts (38). This study explored the
effects of the pan-BET inhibitor JQ1 on viral transcription in seven head and neck squamous cell carcinoma

(HNSCC) cell lines associated with HPV16. These cell lines possess integrated HPV16 DNA in their genomes,
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and this integration process reflects the complexity of how HPV contributes to cancer development. While the
HPYV proteins E6 and E7 are pivotal in driving carcinogenesis, additional genetic changes are typically required
for cancer progression. Therefore, the cell lines we used not only contained integrated HPV DNA but also
exhibit various genetic alterations. This unique combination allowed us to investigate the intricate relationship
between BET protein activity and the regulation of both viral and cellular gene expression when we inhibited
BET proteins with JQ1. JQI treatment emerged as a potent regulator, significantly inhibiting the expression of
the E6 oncogene to a greater extent than E7 in these cell lines. Furthermore, we unveiled an additional facet of
JQ1's action—its role in repressing E2 expression in a subset of these cell lines, which was, surprisingly,
expressed significantly. Another finding was JQ1-induced downregulation of c-MYC across all the cell lines.
This finding was particularly intriguing because, unlike in lung adenoma-carcinoma cell lines (39), the
sensitivity to JQ1 in our HPV-associated HNSCC cell lines was not dependent on c-MYC expression.
Moreover, our study revealed a crucial consequence of E6 downregulation, leading to the reactivation of the
tumor suppressor pS53. In stark contrast, downregulation of E7 did not alter the levels of the retinoblastoma
protein (RB). The combined effects of JQ1 treatment on E6 and E7 expression culminated in a substantial
increase in p21 expression, further underscoring the potential interplay between E6-p53 and E7-Rb with p21
expression. Lastly, we unraveled a complex circuitry of JQ1 treatments, revealing that JQ1 disrupted the
classical Rb-E2F complex governing the G1-S transition, primarily through the transcriptional repression of

E2F. This intricate network of interactions illuminated numerous promising therapeutic intervention points

within the realm of integrated HPV-associated HNSCC.
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Materials and Methods

Cell culture

UD: SCC2, UM: SCC47, UPCI: SCC90, UM: SCC104, 93VU147, UPCI: SCC152, UPCI: SCC154 were
obtained from NCI-Head and Neck SPORE biobank (University of Wisconsin-Madison). Cell lines were
cultured in Dulbecco's Modified Eagle Medium 4.5g/L glucose, L-glutamine and sodium pyruvate (DMEM)
supplemented with 10% fetal bovine serum (FBS) and maintained in 5% (vol/vol) CO2 and 95% (vol/vol) air in
a humidified incubator at 37°C. All cell lines are tested negative for mycoplasma, and STR tested by LabCorp.

Southern blot

Assessment of the integration status of the HPV-positive HNSCC cell lines was characterized for each cell line
and digested with 7 pg of total genomic DNA at 37°C overnight (20 hours) with either EcoRV (New England
BioLabs) or Bam HI. HPV-positive HNSCC samples and A HindIII marker and standards were loaded on a 1X
TAE gel apparatus for gel electrophoresis at 30V overnight, followed by EtBr stain and destaining. The gel
underwent denaturation and neutralization washes and was transferred overnight (20 hours) to a Hybond
membrane (Amersham). The membrane was subjected to UV crosslink with a Strata Linker on auto crosslink.
The 2P radiolabeled HPV16 genotype-specific single-stranded oligonucleotides probe was incubated in a
Techne hybridization tube in a Techne hybridizer HB-1D incubator at 48°C. Membrane was subsequently
washed with Church hybridization buffer followed by exposure on a Molecular Dynamics cassette overnight

(24 hours). The radio-labelled blot was imaged with a Typhoon 8610 imager (Molecular Dynamics).
Cell Viability Assays.

All head and neck cancer cell lines were treated with dimethyl sulfoxide (DMSO)(vehicle), 0.5 uM (+)-JQ1
(APExBIO) or (-)-JQ1 (APExBIO) for 96 hours. The numbers of live cells in each condition were counted
using Bio-rad TC20 digital cell counter and trypan blue exclusion. The cell numbers were then normalized to

the vehicle-treated group for all experiments.

Pan-BET inhibitor treatments and cell viability determination.
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To determine the half maximal inhibitory concentrations (IC50s) for each head and neck cell cancer line,
HNSCC cells were plated into a 96-well plate at 1500-4500 cells/well and treated with various (+)-JQ1
concentrations (range from 10 nM to 10 uM) for 96 h. To measure cell viability, 10 uL of Prestoblue Cell
Viability Reagent (Thermo Fisher) was added to each well (100 uL of medium) and incubated at 37 °C for 1
and 4 h. The plates were read by CLARIOstar microplate reader (BMG Labtech, Software version: 5.21 R2,
Firmware version: 1.15) with the excitation/emission at 535/590 nm. The raw absorbance values were first
subtracted by the average absorbance value of the background control (medium only). Then, the cell survival
rate at each (+)-JQ1 concentration was calculated by normalizing to the vehicle control signal (DMSO-treated

cells). The data was curve fitted using the sigmoidal dose-response equation (Y= Bottom + (Top-

Bottom)/(1+10”((LogICso-X)*HillSlope)) in OriginLab software (OriginLab) to determine the ICso values.
Lentiviral transduction.

The MISSION lentiviral-based shRNA vector collections from Sigma Aldrich (St. Louis, MO, USA) were used
for long-term silencing of BRD4. Briefly, 1.6x10* cells were cultured in 96-well plates, incubated for 18-20 h.
Hexadimethrine bromide (8 pg/ml) was added after media removal, and effective multiplicity of infection
(MOI) of lentiviral particles was established. [TRCN0000199427] [TRCNO0000318771] and (V-591)
[TRCNO0000196576] were used to identify knockdown clones. After 18-20 h incubation at 37°C, puromycin was

added at 1.0 pg/ml, and resistant clones were selected and grown.

Analysis of Caspase 3/7 Activity — Apoptosis Assay

All cell lines were cultured in high-glucose BPMEM complete with 10% FBS and in a 5% CO; enriched humidified
incubator at 37°C until 90% confluency. The cells were counted using Trypan Blue live/dead staining and were
subsequently plated at a density of 3000 cells/well in a 96-well plate (TPP). They were allowed to adhere to the
plate overnight, following which the cells were treated with 500nM (+)-JQ1 and (-)-JQI. Post 24 hours of
treatment, 100 pl/well of room temperature Caspase Glo 3/7 (Promega) reagent was added to the treated and
control cells. After a 1hr incubation at room temperature, luminescence was measured using the CLARIOstar

microplate reader (BMG Labtech, Software version: 5.21 R2, Firmware version: 1.15).
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Quantitative RT-PCR

All cell lines were pre-treated with 0.5 uM (+)-JQI1 or JQ1 (-)- (vehicle control) for 30 min and 24 h for RNA
extraction. Samples were collected with Trizol reagent at 30 minutes and 24 hours post-treatment, extracted with
chloroform, ethanol wash, phase-lock separation, and DNase I treatments were used to isolate RNA, and a high-
capacity RNA-to-cDNA kit (Applied Biosystems) was used to synthesize first-strand cDNA. Quantitative PCR
reactions were set up using PowerUp SYBR Green Master Mix (Applied Biosystems) and performed on a Bio-
Rad CFX96 machine. Primers are listed in Table S1. Ct values were determined from the software CFX Maestro
1.1 (Bio-Rad), and the delta-delta Ct method was used to calculate the relative mRNA expressions of each target

relative to the housekeeping gene(40).

Table S1

Primer Forward Reverse
TBP TATAATCCCAAGCGGTTTGC GCTGGAAAACCCAACTTCTG
UBC CCTTATCTTGGATCTTTGCCTTG GATTTGGGTCGCAGTTCTTG
BRD4 GGAAGAGGACAAGTGCAAGC GCTTCAGGGTCTCAAAGTCG
TP53 GTTCCGAGAGCTGAATGAGG TCTGAGTCAGGCCCTTCTGT

c- TCCTCGGATTCTCTGCTCTC TCTTCCTCATCTTCTTGTTCCTC
MYC
Rb GGAAGCAACCCTCCTAAACC TTTCTGCTTTTGCATTCGTG

E2F1 ATGTTTTCCTGTGCCCTGAG ATCTGTGGTGAGGGATGAGG

HPV- TGATAGTACAGACCTACGTGACCATATAGA CCCATTTCTCTGGCCTTGTAAT

16 E2

HPV- AATGTTTCAGGACCCACAGG CCCGAAAAGCAAAGTCATATACC

16 E6
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HPV- CGGACAGAGCCCATTACAAT TCTTCCAAAGTACGAATGTCTACG

16 E7

Flow Cytometry:

All cell lines were cultured in high-glucose BMEM complete with 10% FBS in a 5% CO; enriched humidified
incubator at 37°C. They were plated at a density of 0.5x10° cells per 10cm dish. (+)-JQ1 was added to cells at
0.5uM concentration for 30 min, 24 and 48 hours to test its effect on cell cycle progression. DMSO was used as
the vehicle control for the experiment since (+)-JQ1 was dissolved in the DMSO solvent. Cells were then
harvested using Trypsin-EDTA (Corning) after incubation for 30 min, 24 and 48 hours. This was followed by
rinsing cells with 1X PBS and fixing them in 70% EtOH (41). Following protocol (41), cells were stained with
propidium iodide (PI) (0.5mg/ml, BioLegend) in a staining buffer containing PBS, DNA-free RNase
(10mg/ml), 1% Triton-X (Sigma), and autoclaved water. Progression through the cell cycle was studied using
Thermo Fisher Attune Flow Cytometer (4-laser, 14-color cytometer) with FSC=90V, SSC=280V, and PI=290V
(yellow YL2 channel). The data was analyzed, and histograms were generated using ModFit (ModFit LT

V5.0.9) software, and the bar graphs were prepared using Originlab software.
Cell Lysate Preparation and Western Blot

Whole cell lysates were prepared by dissolving (10 million cells per treatment) cell pellets in RIPA buffer (G-
Bioscience,) complete with 1X Protease and Phosphatase inhibitor cocktail (Thermo Scientific) and 1X
Phosphatase inhibitor cocktails 1and 2 (Apex Bio). Cells were sonicated at 10% amplitude for 10 seconds using
a sonicator (Fisher Scientific, Sonic dismembrator, Model 500). After a 30-minute incubation on a rotator at
4°C, cell samples were spun down at very high speed — 14,000 rpm for 15 mins at 4°C. Samples were diluted
using 4X Laemlli sample buffer (Bio-Rad,) complete with 2-Mercaptoethanol and DI-water to bring all samples
to a uniform concentration of 2ug/ul after protein quantitation using BCA assay. NuPage 4-12% Bis-Tris 26-
well Midi gels (Invitrogen) were used to run the samples. The running buffer used was 1X MES Buffer made
from 20X MES buffer. 30ug of protein was loaded on to each well for all the runs. The ladders used were

Novex Sharp Pre-Stained Protein Standard and SeeBlue Plus2 Pre-Stained Protein Standard (Life
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Technologies). The gels were transferred on to a 0.2um nitrocellulose membrane (Thermo-Scientific) by semi-
dry transfer technique using the Bio-Rad Trans-Blot Turbo Transfer System protocols. All membranes were
stained with Ponceau stain made fresh in the lab to ensure protein transfer. All membranes were blocked with
3% Bovine Serum Albumin (BSA) — Fraction V, Heat-shock treated (Fisher Scientific) with 0.5% sodium azide
to avoid any possible contamination to the blot. Super signal west femto maximum sensitivity Substrate
(Thermo Scientific) was used as the substrate. The blots were imaged using the Li-Cor Fc machine. Images
were analysed and quantified using the Image Studio software (version 4.0.21). Each sample was normalized to
its respective housekeeping loading control from the same day. This normalized value for each treatment was
further normalized to the DMSO control to attain a “fold over control” expression of the protein under the

stimulus of the drug. Western blot analysis followed standard protocol with indicated antibodies listed in Table

below.

The primary antibodies used to probe the blots are as mentioned below:

Antibody Host Company Reference #

B-Actin Mouse Cell Signaling CST 3700S
Technology

BRD4 Rabbit Abcam Abl128874

CDKN2A (p21) Rabbit Cell Signaling CST 2947
Technology

E2F1 Mouse Santa-Cruz sc-251

GAPDH HRP-Linked Proteintech HRP60004
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Myc Rabbit Santa-Cruz sc-40

Total P53 Rabbit Cell Signaling CST 2527
Technology

Total Rb Rabbit Cell Signaling CST 9313
Technology

P-Rb (S780) Rabbit Sigma Aldrich R6275

P-Rb (S795) Rabbit Cell Signaling CST 9301
Technology

P-Rb (S807/S811) Rabbit Cell Signaling CST 9308

Technology

Secondary Antibody and image development:

Antibody Dilution used Company Reference #
Mouse IgG 1:5000 Cell Signaling CST 7076S
Technology
1:5000 Cell Signaling CST 7074S
Technology
Mouse IgG 1:5000 Santa-Cruz sc-3696
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RNA-sequencing

1 pg total RNA was used for NEBNext® Ultra II Directional RNA Library Prep Kit (New England Biolabs,
Ipswich, MA, USA). Poly-A selection and cDNA synthesis were performed according to NEB protocol. The
adaptors were diluted with a 1:30 ratio instead of the recommended 1:10 ratio. Size selection was performed
using SPRI select beads. (Beckman Coulter, Indianapolis, IN, USA) with in-house calibration values. The
cDNA was amplified with 22 cycles of PCR and 2 x150 paired-end sequencing was performed at a depth of 30

million reads at Novogene (Davis, Sacramento)

RNA-seq data pre-processing.

Human-HPYV reference genome was constructed by combining HPV genome

(https://pave.niaid.nih.gov/#search/search _database/locus_view/fetch?id=HPV16REF&format=Locus%?20view

&hasStructure=none) with human genome GRCh38.p13 from RefSeq(42). Quality control of paired-end raw

sequencing data was conducted using FastQC-0.11.7 (43). Samples with adapter contamination were trimmed
using Trimmomatic-0.38 (44). A second round of quality control was conducted by removing outlier samples

based on clustering analysis of normalized gene expression matrix (also see the next section). Specifically, the
distance measure for any pair of samples was defined as 1 minus the Pearson correlation of log-transformed

gene expressions and was used for hierarchical clustering.

Differential expression analysis

Raw sequencing data were aligned to human-HPV genome using Bowtie-1.2.2 (45). Gene-by-sample count
matrix was calculated using RSEM-1.3.0(46). Genes with average expression less than 1 were filtered out.
Median-by-ratio normalization (47) was conducted to get normalized expression matrix. Differential expression
(DE) analysis was performed between JQ1+ and JQ1- samples using DESeq2-1.24.0 (48)under R version 3.6.0
(R Core Team, 2019). Genes with adjusted p-value less than or equal to 0.01 and absolute value of log2 fold

change greater than or equal to 1 were selected as significant differentially expressed genes.

HPYV fusion analysis


https://pave.niaid.nih.gov/#search/search_database/locus_view/fetch?id=HPV16REF&format=Locus%20view&hasStructure=none
https://pave.niaid.nih.gov/#search/search_database/locus_view/fetch?id=HPV16REF&format=Locus%20view&hasStructure=none
https://doi.org/10.1101/2023.10.02.560587
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.02.560587; this version posted October 4, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Raw sequencing data were aligned to human-HPV genome using SpeedSeq-0.1.2 (49). Discordant reads are
defined as read pairs not aligned to the reference genome with the expected distance or orientation. We focused
on HPV-related discordant reads that one read mapped to HPV genome while the other mapped to human
genome. Reads with mapping quality less than 10 were discarded. For the remaining HPV-related discordant
reads, genome positions of those aligned to human genome were extracted as potential HPV fusion positions

and mapped back to human genes to count the number of HPV fusion events for each gene. Gene annotation

information was downloaded using R package biomaRt-2.40.4(50).

Results

Integrated HPV transcriptome displays sensitivity to pan-BET inhibitor, JQI.

BRD4, a member of the BET family of epigenetic co-regulators, has a known role in the HPV viral life cycle
(33, 34, 51-57). Previous studies reported BRD4 to be overexpressed and correlated with poor prognosis in
various solid cancers (58-61). To examine the expression profile of BRD4 in HPV associated HNSCC, we
evaluated the expression of BET genes involved in coregulating transcription using the publicly available
curated TCGA dataset, UALCAN (62)which included 44 normal and 41 HPV associated HNSCC patients. As
shown in Figure 1A, BRD1, BRD2-4 and BRD7-9 were significantly upregulated compared to normal samples
in tumor samples classified to express p16, a surrogate for HPV detection and for presence for HPV DNA
through in situ hybridization (p<0.05). In addition, as shown in Figure 1B, transcriptional co-regulators BRD?,
BRD3 and BRD4 (63, 64) were also significantly expressed (p<0.001) in tumors harboring HPV relative to
normal tissue. Given these differences in expression, we hypothesized that HPV-associated tumors might
exhibit a transcriptional reliance on BET proteins. This could enhance the transcription of oncogenic drivers,
such as c-MYC, in head and neck tissues. Considering the differential expression of BRD4 between tumor and
normal tissues, we proposed that targeted BET inhibitors might serve as a potential alternative to conventional
genotoxic agents like cisplatin, which induces non-specific DNA cross-links (65, 66). To evaluate this
hypothesis, we employed seven established integrated HPV-positive (+) HNSCC cell lines, differing in tumor
origin and acquired epigenetic mutations. These cell lines differed in the location from which the original

tumor was derived and in the epigenetic mutations that they acquired. To validate the presence of integrated
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HPYV viral DNA, southern blot hybridization was performed to confirm viral integration in the host DNA. While
in cell lines - 93VU147T, UPCI: SCC90 and UPC: SCC152 digested DNA released an 8kb viral DNA band,
UD: SCC2, UM:SCC47, UM:SC104 and UPCI:SCC154 released higher molecular weight bands suggesting

that viral DNA had either duplicated or undergone rearrangements upon integration into their respective host

genomes. (Figure. S1).

We then proceeded to determine the efficacy of pan-BET inhibitor, JQ1(+)- in these HPV-integrated cell lines.
The bromodomain inhibitor JQ1(+) is known to selectively bind to the conserved bromodomains BD1 and BD2
of BRD4 with nanomolar affinities, thereby blocking its interaction with histones and consequently modulating
transcription through protein-protein interactions (67). To assess the anti-proliferative potential of JQ1(+) in
HPV-positive integrated cell lines, we examined its effect relative to the biologically inactive enantiomer, JQ1(-
). Notably, the evaluated cell lines displayed half maximal inhibitory concentrations (IC50) ranging from
0.053uM to 0.786uM after 72 hours of JQ1(+) exposure (Figure. 1C, D, Figure S2). To ascertain the
specificity of JQ1(+) in inhibiting cell growth, UM: SCC47 and UD: SCC2 cell lines, with similar growth
profiles, were employed. Experiments at a concentration of 500 nM revealed that neither DMSO alone nor the
inactive enantiomer JQ1(-) impacted cellular proliferation as assessed by the trypan blue assay (Figure. S3). To
elucidate the mode of JQ1-induced growth inhibition, we undertook time-course experiments, focusing on
apoptosis through measurement of Caspase3/7 activity. While there wasn't a direct correlation between IC50
values and Caspase3/7 activity, all tested cell lines demonstrated a marked increase in apoptosis relative to
vehicle controls (Figure. 1E). This observation was consistent with previous studies that JQ1 treatments

increased apoptotic activity in lung adenocarcinoma cell lines (39).

JQI1 treatment promotes E6 down-regulation compared to all viral genes.

Given the role of viral DNA integration into the host genome in altering viral gene transcription, combined with
the potential recruitment of BET proteins to integrated viral gene promoters, especially in head and neck
squamous cell environment, we aimed to provide a comprehensive understanding of BET-protein mediated

transcriptional landscape in these cell lines. A global RNA sequencing approach was employed to assess the
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consequences of BET protein-mediated transcriptional dysregulation. Seven integrated HPV-associated HNSCC
cell lines were treated with JQ1 and subsequently analyzed at 24h in comparison with their respective
enantiomer-treated controls at 500 nM. Viral reads were aligned to the human-HPV genome through discordant

read mapping (49). Remarkably, barring UD:SCC2, there was a pronounced downregulation of viral oncogenes

E6 and E7. Changes ranged from log2FC values of -5.52 to -1.52 for E6 and -3.66 to -1.62 for E7 (Figure. 2A).

Previous reports have indicated a mechanism for E2-mediated repression that operates independently of Brd4,
implying that distinct cellular components likely govern the transcriptional activation and suppression functions
of E2 (68). Nonetheless, our data did not exhibit a consistent pattern of E2-dependent modulation of E6/E7
expression, even though the prevailing paradigm suggests a loss of E2 function upon integration. This
observation was assessed across all the cell lines when quantifying the basal levels of these transcripts (Figure.
S4). As seen in Figure.2A, specifically, when treated with JQ1 — in UPCI: SCC154 — a notable upregulation of
the E2 gene was observed (2.51 log2 FC). Interestingly, this did not correlate with concurrent activation or
repression of E6/E7 transcripts. Further, in UM: SCC104, UPCI: SCC90, 93VU147T and UPCI: SCC154 cell
lines, a downregulation of the E2 gene was evident, with values of -2.25, -1.70, -0.93 and -0.42 log2 FC,
respectively. This reduction did correlate with E6/E7 transcript downregulation. Additionally, while the UD:
SCC2, UM: SCC47 and UPCI: SCC154 cell lines manifested elevated E2 regulation, E6/E7 expression was
downregulated in these cell lines. Taken together, viral gene expression was modulated with JQ1 treatment,
suggesting that BRD4 might actively participate in regulating E6/E7 viral genes independent of E2 function.

To validate the sequencing outcomes and account for potential discrepancies in paired-end read counts, qRT-
PCR was performed. Additionally, the immediate effects of JQ1 on viral gene transcription were assessed at 30
minutes and compared to the 24-hour time point using qRT-PCR, to determine whether the overall inhibitory
effect had an immediate effect on viral transcription. We noted varied responses of E2 transcription across the
cell lines, but a more consistent downregulation of the E6 oncoprotein. E7 downregulation was observed in
specific cell lines, but not uniformly across the panel. Our observations revealed differential transcriptional
responses of the E2 gene across the cell lines studied, while the downregulation of the E6 oncoprotein was more

consistent. Specifically, E2 expression decreased in four of the seven cell lines: UM: SCC47, UM: SCC104,
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93VUI147T, and UPCI: SCC152 (Figure 2B, D, E, and F). In contrast, UD: SCC2, UPCI: SCC90, and UPCI:
SCC154 showed elevated E2 expression levels, though these were not statistically significant (Figure 2A, C,
G). It's worth noting that UPCI: SCC154, despite displaying a 2-fold increase in E2 expression, presented low
absolute E2 levels (with a Cq value of 35), hinting at minimal or even absent E2 expression. In our study, six
out of the seven cell lines showed a significant decrease in the E6 viral oncogene expression (Figure 2 B-
E,G,H). Moreover, in comparison to basal levels of E7, UM:SCC47, UM:SCC104, 93VU147T and UPCI:
SCC154 showed significant downregulation of the viral oncoprotein (Figure. 2 B, C, D, H). However, the
remaining 3 cell lines (UD:SCC2, UPCI: SCC90 and UPCI: SCC152; (Figure. 2 E,F,G) did not demonstrate
significant downregulation of E7 eempared to its basal levels. Further, examination of the functional
characteristics of E6 and E7 viral oncogene expression revealed reduced protein levels of E6 in all cell lines
except UPCI: SCC90, UMM: SCC104 and 93VU147T and reduced protein levels of E7 in all cell lines except
UD: SCC2 at 24 h (Figure. 2 M). We could not verify E2 protein levels due to the unavailability of reliable
antibodies. While our findings indicated that JQ1 effectively inhibited viral gene expression, it was crucial to
identify the role of BRD4 in this regulatory mechanism. To validate the involvement of BRD4 in governing E2,
E6, and E7 expression, we employed a stable shRNA-mediated BRD4 knockdown in UM:SCC47 cells. The
resulting downregulation of these viral genes upon BRD4 suppression, as shown in Figure 2 I-L, underscores
BRD4's integral role in modulating their expression. This not only established that JQ1 chemical inhibition was
phenocopied with BRD4 knockdown but also strengthens the premise of BRD4's pivotal role in viral gene

transcriptional regulation.

JQ1 treatment promotes MYC downregulation and modulates the p53-p21 axis

While the observed ICso inhibitory effects on cellular survival may primarily stem from JQ1-mediated
suppression of the viral oncogenes E6 and E7, we considered the potential influence of the well-established
interaction between Brd4 and the oncogene c-Myc transcription (50, 69). Prior studies in cervical cancer have
elucidated that HPV16 E6 and E7 proteins augment c-Myc expression through direct interactions (70).
Furthermore, viral integration events have been shown to potentiate c-Myc expression via long-range

interaction mechanisms (71). Therefore, we assessed the impact of JQ1 on c-Myc, a recognized target of BRD4,
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postulating it as an ancillary mechanism underlying JQ1's anti-proliferative action. We posited that a reduction
in c-Myec levels, induced by JQ1, could serve as a complementary approach in modulating anti-proliferative
effects, especially in JQ1-sensitive cell lines with diverse viral integration sites as documented earlier (72).
Indeed, JQI1 has been shown to diminish c-Myc expression in both hematological malignancies and solid
tumors, thereby exerting its antitumor properties (73). Notably, certain subsets of lung adenocarcinoma cells

demonstrated JQ1-mediated proliferation inhibition, irrespective of the downregulation of c-Myc (39), thus

providing a rationale for potentially selecting HPV(+) patients for personalized treatment.

In our study, a marked downregulation of c-MYC expression was evident in JQ1-responsive cell lines both at
the 30-minute and 24-hour timepoints following JQ1 administration. Relative to the control group treated with
the JQ1(-) enantiomer, there was a significant decrease in c-MYC mRNA expression in all examined cell lines,
exhibiting a fold change range between 0.15 to 0.75, 24 hours post JQ1(+) treatment (Figure. 3A). Intriguingly,
while UD:SCC2 cell line showed unaltered c-Myc protein levels after 24 hours of JQ1(+) exposure, the
remaining six cell lines demonstrated reduced or undetectable c-Myc protein quantities (Figure. 3B). Given c-
Myc's well-established role in modulating cell cycle progression and apoptosis-related mechanisms (74), we
subsequently assessed the impact of JQ1 on cell cycle dynamics. Through propidium iodide staining and
subsequent flow cytometry analysis, we observed a pronounced G1 phase arrest at the 24-hour mark in all c-
MY C downregulated cell lines: UM: SCC47 (87.5%), UM: SCC104 (78.5%), 93VU147T (76.6%), UPCI:
SCC152 (60%), and UPCI: SCC154 (59.2%), when compared with the corresponding inactive enantiomer
treatments. Strikingly, UD: SCC2 emerged as an outlier, as it revealed absence of G1 phase restriction with cell
cycle distribution being G1 (45.7%), S (28%), and G2 (26.1%) phases, compared to its control (Figure. 3C). In
summary, our data suggests a strong correlation between c-Myc downregulation and G1 phase cell cycle arrest,
underscoring c-Myc's potential as aa concurrent therapeutic target for BET inhibition in integrated HPV(+)

HNSCCs.

JQ1 treatment modulates pS3-p21 axes
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With underlying magnitude of G1 cell-cycle arrest mediated by JQ1 treatments in six of the seven cell lines, we
wanted to determine if the inhibition of S-phase entry was mediated by additional targets controlled by the p53-
BRD4-CDKNI1A (p21) axis (75, 76). Recent studies have highlighted the potential of CDKNIA (p21)
expression as a surrogate marker for HPV-related tonsillar squamous cell carcinoma, often indicating favorable
patient outcomes. Specifically, a correlation was observed between CDKNI1A (p21) and CDKN2A (p16)
expression in HPV-associated laryngeal squamous cell carcinoma cases (77). Similarly, another study
emphasized the significance of CDKN1A (p21), a tumor suppressor in the p53 pathway, as an indicator for
HPYV involvement in tonsillar squamous cell carcinoma (78, 79). Together, these findings suggest that

CDKNIA (p21) can be a valuable biomarker not only for detecting HPV-associated cases but also for

predicting patient prognosis.

In light of these reports, our study primarily centered on two contrasting cell lines: UM: SCC47, which
exhibited the most pronounced G1 arrest, and UD:SCC2, which lacked this phenotype. Although RNA-seq read
counts for TP53 did not reflect any pronounced JQ1-induced alterations in either cell line (Figure. S5), RT-
PCR results from UM: SCC47 showed a 50% decline in TP53 RNA levels post 24-hour JQ1 treatment (Figure.
4A). This decrease intriguingly corresponded with an increase in p53 protein concentrations (Figure. 4B). This
increase in p53 could conceivably arise from the JQ1-mediated downregulation of E6 (Figure. 2B, Figure.
2M). However, despite the decrease of E6 protein in UD: SCC2, neither TP53 RNA nor p53 protein exhibited

any substantial changes, post-JQ1 treatment, highlighting a plausible post-translational stability of p53 protein.

Relationship of c-Myc-p21 axis in response to JQ1 treatment

Upon further dissection into this complex network, we examined the downstream consequences of this p53
activation, particularly on the cyclin-dependent kinase (CDK) inhibitor p21(CDKN1A; WAF1/Cipl) - cMyc
axis. Prior studies have demonstrated the ability of HPV-16 E7 to interact with Miz-1, subsequently inhibiting
UV-induced p21*Cip1” expression in C33A cervical (80). An alternative regulatory pathway involves the
recruitment of c-Myc to the p21(WAF1/Cip1) promoter via Miz-1 (81), which was later shown that this

interaction inhibits p53's activation of p21 transcription (76). Our data indicate that the reduced/undetectable


https://doi.org/10.1101/2023.10.02.560587
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.02.560587; this version posted October 4, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

levels of both c-MYC and E6 proteins in UM:SCC47 likely facilitates the JQ1-induced upregulation of p21
(Figure. 4B). Conversely, UD:SCC2 cells treated with JQ1 presented a unique outlier: unaltered c-MYC and
p53 protein levels and elevated p21 at 24 hours (Figure. 4B). This increase in p21, even in the presence of both
c-MYC and p53, alludes to a possible dual regulation—both transcriptionally (via BET proteins) and through

alternative mechanisms (82).

E7-Rb-E2F Axis Dynamics Following JQ1 Treatment

With augmented p21 expression under the diverse cell-cycle arrest states observed in UD: SCC2 and
UM:SCC47, we shifted our analyses towards understanding the network of the E7-Rb-E2F axis in relation to
JQI treatment. Although prior literature elucidates the potential of E7-Rb interactions to degrade or inactivate
pRb (83, 84), reports of endogenous E7-Rb inactivation or degradation within the context of an integrated viral
HNSCC remain to be explored in detail. Moreover, the analysis of UD: SCC2 and UM: SCC47, particularly in
terms of cell-cycle arrest, showed no marked changes in RB RNA expression levels (Figure. S5), further
observed across all cell lines (Figure. 2A). This suggests that BRD4, despite its reported interaction with RB

(85), might not be directly implicated in coregulating RB transcription.

Considering the established disruption of the Rb-E2F liaison by E7 (86), which consequentially stimulates E2F-
mediated replication in S-phase (87), and the dependency of E2F-associated transcriptional programs on BET
proteins (88, 89), we examined the impact of JQ1 treatment on the Rb-E2F axis in both UM: SCC47 and UD:
SCC2 cells. While in UDSCC2, there was an initial downregulation of RB RNA to 50% at 30 min, the
expression levels rebounded back at 24 h, comparable to untreated cells (Figure. 4C). Similarly, there was a
marginal reduction of RB levels at 30 min and 24h by 25% in UM:SCC47 cells. Taken together, RB RNA levels
were not significantly altered to infer whether JQ1 had a direct role in Rb downregulation. Previous reports in
triple-negative breast cancer indicated that JQ1 treatments increased RB phosphorylation in a dose- and time-
dependent manner with no alterations in E2F1 levels (90). This led us to address whether UD:SCC2 and
UM:SCC47 cells would display different phosphorylation patterns post-JQ1 treatment. Interestingly, contrasting

scenarios were observed: UD: SCC2 cells displayed unchanged total RB protein levels at both 30 min and 24 h
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points post-JQI1 treatment, in the presence of E7 protein (Figure. 4D), while concurrently displaying
hyperphosphorylation at specific pRb (S807/811 and S780) sites. Conversely, UM: SCC47 cells displayed an
increase in elevated total RB levels at the same time intervals, accompanied by reduced/undetectable levels of
Rb phosphorylation (S807/811 and S780) at 24 hours (Figure. 4D). Crucially, the differential phosphorylation
states observed in UD:SCC2 and UM: SCC47 cells, directly correlated to E2F1 protein release. The JQ1
treatment resulted in very significant downregulation to almost 95% of E2F1 RNA, and, correspondingly, the
protein levels in UMSCC47 compared to UD: SCC2 (Figure. 4E, F). These observations potentially hint at a
possible transcriptional co-regulatory role of BET proteins in E2F1(91). Hence, we broadened our
understanding on the effects of JQ1’s treatments on the broader E2F family members. Quantitative analysis of
RNA expression through RNA-seq for the E2F members (E2F1-E2F8) in both UD: SCC2 and UM: SCC47
under two JQ1 concentrations (500 nM and 1uM) at 24 hours elucidated granular roles in JQ1-mediated G1
arrest. Remarkably, a significant downregulation of E2F1, 2, and 8 was observed in UM: SCC47 cells (Figure.
4G). Concurrently, other E2F genes exhibited similar downregulation compared to UD: SCC2 cells, with the
most significant downregulation exclusively for E2F2 expression in UD: SCC2 and an increase in E2F7
(Figure. 4G). We quantified the RNA expression of all E2F members (E2F1-E2F8) in UD: SCC2 and UM:
SCC47 at two different concentrations of JQ1- 500 nM and 1uM for 24h to elucidate additional roles of JQ1-
mediated G1 arrest. While E2F1, 2 and 8 were markedly downregulated in UMSCC47, other E2F gene
members were also downregulated when compared to UDSCC2. Notably, the most significant downregulation
was observed for E2F2 in UD: SCC2 with slight upregulation of E2F7 as well (Fig 4G). Although
comprehensive regulatory aspects mediated by BET proteins encompassing E2F2-8 remain relatively obscure,
our observations align with the notion of JQ1-driven downregulation of the E2F gene family, synergizing the
G1 cell cycle arrest, and rendering a distinct physiological state in UM: SCC47 when contrasted with UD:
SCC2 cells. Overall, in the context of HPV(+) HNSCC with integrated viral genes, our data highlight multiple
concurrent therapeutic targets influenced by JQ1. In the context of HPV(+) HNSCC with randomly integrated

viral sequences, our findings identify multiple concurrent targets that could have therapeutic implications when

treated with JQ1. Collectively, these observations indicate unique response patterns to JQ1. Collectively, our
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results suggest distinct patterns of JQ1 response in part through downregulation of viral gene expression, which

directly and indirectly impact the expression of cellular gene regulation in integrated HPV-HNSCC.

Discussion

Our study reveals the intricate transcriptional responses induced by JQ1, a BET inhibitor, on key viral and
cellular genes (Figure 5A). These findings have enabled us to construct a working model that sheds light on the
regulatory role of BET proteins in the context of integrated HPV-associated HNSCC cell lines (Figure 5B). An
important aspect of our study was to understand the well-documented interactions between Brd4 and the viral
protein E2, with respect to its influence on E2 function (92-97) after viral integration While these studies have
elegantly described the Brd4-E2 biology, it was unclear whether transcription of E2 gene would be disrupted in
integrated viral HNSCC, due to the introduction of viral DNA breakpoints often associated with E2 gene (98,
99). Our analyses of the viral transcriptomes across all seven cell lines in this study suggested that E2 RNA
expression remained abundant, as quantified through read counts by RNA sequencing (Figure. S4A-B). The
only exception was UPCI: SCC154 cell line, where E2 expression was undetectable. These findings suggested
that integration events did not result in the anticipated loss of the basal E2 open reading frame and JQ1
treatments modulated E2 expression. Since the impact of viral E2 gene disruption leads to loss of E2 function
and can lead to increased expression of E6/E7 expression and contributes to carcinogenesis through
uncontrolled cell proliferation, our quantification of the baseline expression of E2, E6/E7 expression did not
indicate a clear ratio-metric pattern of E2 controlling E6 and E7 expression. However, it was notable, through
shRNA BRD4 knockdown experiments, that BRD4 exerts a significant influence on the transcriptional
regulation of E2, E6 and E7 expression (Figure 5A), and it phenocopies the effects of JQ1 inhibition. These
findings parallel results observed in the 20861 cervical cell line, as reported by McBride et al for viral E6/E7
expression. This consistency in outcomes across different experimental systems underscores the potential
therapeutic benefits of using BET inhibitors. While the mechanisms underlying the abundant RNA expression
of episomal encoded viral genes could be likely influenced by factors such as the number of viral copies and the
recruitment of cellular transcriptional machinery that includes BRD4, the expression of RNA in the integrated

viral genomes is dependent on the genomic location of the integration event. Especially, in HPV-associated
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HNSCC genomes, the integrations are stochastic, potentially creating unique chromatin topologies consisting of
super-enhancers that could modulate viral gene expression. We postulate that this could be the likely
explanation for the heterogeneity of viral gene expression as identified through JQ1 treatments across the cell
lines. Super-enhancers have been identified in the W12 cervical cell line 20861, where the viral genome had
undergone tandem duplication of up to 30 copies at a single site, potentially regulating the amplitude of viral
gene expression. Further investigations are underway in our laboratory to determine whether similar super-
enhancers are formed when viral genomes integrate stochastically in HNSCC cells.
The consequence of viral gene expression in response to JQ1 resulted in G1-cell cycle arrest predominantly.
Inhibiting BRD4 with JQ1 impacts cell-cycle progression (67, 100-102), indicating potential therapeutic roles in
HPV-associated cancers. Of the seven tested cell lines, six showed G1-cell cycle arrest with JQ1. In contrast,
the UD:SCC2 cell line did not undergo cell-cycle arrest. Instead, it exhibited hyperphosphorylation within 24
hours, in line with an absence of E7-Rb degradation, resulting in the continuous liberation of E2F1 for S-phase
transcription. For the cell lines that did arrest in the G1 phase, JQ1 treatment led to reduced E2F expression, and
Rb phosphorylation was absent by 24h. To summarize our G1 arrest findings post-JQ1 treatment: a) E2F gene
family expression decreased, b) This decreased E2F expression triggered G1-arrest, and ¢) CDKs did not
phosphorylate the freed E2Fs by 24h, an effect seen independently of JQ1's influence. Our results align with

earlier studies suggesting a possible interaction with or regulation between BRD4 and E2F genes, including

super-enhancers (100, 101, 103, 104) in integrated HPV-associated HNSCC.

A further outcome of JQ1 treatments in these cell lines was the upregulation of p21 expression. Given that p53
is a significant inducer of p21, the interplay between viral E6 and p21 expression is particularly interesting.
While G1-cell cycle arrest was observed in six of the seven tested cell lines with JQ1, we observed increased
p21 expression across all seven cell lines. Notably, this observation has clinical implications since higher p21
expression in HPV-positive oropharyngeal cancers has identified a subset of these patients to have favorable
prognosis (105) and p21 expression was absent or low in HPV-negative compared to HPV-positive cervical
squamous cell carcinomas (106). From our baseline observations of p21 expression, these cell lines follow the

classical notion for HPV-associated cancer is that given the known degradation of p53 by E6 protein, a direct


https://doi.org/10.1101/2023.10.02.560587
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.02.560587; this version posted October 4, 2023. The copyright holder for this preprint
(which was not ceriiied by peer review) is the authorifunder, who has granted bioRxiv a license to display the preprintin perpetuity. It is made
consequence might be a decrease in p21 levels since p21 is a target of p53. However, our results suggest the
rewiring of the viral—cellular signaling vis-a-vis E6-p53-p21 expression in response to JQI1 treatments. The
increase in p21 expression is likely mediated by a decrease in E6 expression, which results in the absence or
reduced degradation of p53. The result of this effect is an increase in p21 expression through p53 binding.
While reports of anti-leukemic activity was reported due to induction of p21 as one of the cellular responses to
JQ1 treatment in acute myeloid leukemia (AML) cells(107), another study noted that JQ1 treatment led to
growth arrest and apoptotic cell death and p21 expression was impacted, potentially implying its contribution to
cell-cycle arrest, in triple-negative breast cancer(104). Taken together, it is worth noting that the response to
JQ1 can be context-dependent, varying across cell or cancer types and particularly, our observations suggest
that downregulating E6 is pivotal for modulating the p53-p21 expression. Given the established role of c-Myc

in cellular proliferation and oncogenesis, its downregulation by JQ1 could have profound effects on cell-cycle

progression.

Furthermore, if JQ1 concurrently downregulates the HPV E6 oncogene, it would significantly impact the
cellular environment. The E6 protein has long been recognized for its ability to target and degrade the tumor
suppressor p53, thus curtailing p53's capacity to induce cell cycle arrest and apoptosis. Therefore, a reduction in
E6 would lead to an increase in p53 levels. This stabilization of p53 would then prompt an upregulation of p21,
a cyclin-dependent kinase inhibitor and a direct target of p53. Elevated levels of p21 can halt cell-cycle

progression, thereby effectively putting a brake on cell proliferation.

Finally, we would like to postulate a regulatory framework that captures the relationships between c-Myec, E6,
p53, and p21 expression in response to JQ1 treatment in the G1-arrested cells. If JQ1 concurrently
downregulates E6 expression, it would significantly impact the viral-cellular environment. The E6 protein has
long been recognized for its ability to target and degrade the tumor suppressor p53, thus curtailing p53's
capacity to induce cell cycle arrest and apoptosis. Therefore, a reduction in E6 would lead to an increase in p53
levels. This stabilization of p53 would then prompt an upregulation of p21, a cyclin-dependent kinase inhibitor
and a direct target of p53. Elevated levels of p21 can halt cell-cycle progression, thereby effectively putting a

brake on cell proliferation. In essence, the combined downregulation of c-Myc and E6 by JQ1 would create a
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synergistic cellular environment that is primed for cell-cycle arrest. With c-Myc levels reduced, the cell's
proliferative signals are diminished. Simultaneously, with E6 downregulated, p53 can accumulate and exert its
tumor suppressor functions. This leads to an upsurge in p21, further enhancing the cell's predisposition to arrest
in the G1 phase of the cell cycle. In the case of UD:SCC2 cells that did not undergo G1-arrest, it is likely that
either p53-mediated activation (108)or c-Myc-mediated repression (109, 110) can prevail and that both factors
could be acting on the p21 promoter simultaneously, competing for transcriptional control. Taken together, it is

noteworthy to observe that the overall effects of JQ1 treatments create various therapeutic intervention points

both at the viral and cellular context.

In summary, our study presents a compelling argument for the potential therapeutic benefits of BET inhibitors
in the context of integrated HPV-associated HNSCC. Further studies are ongoing to interrogate the role of BET
proteins in super-enhancer formations in the context of random viral integrations, understanding if p21
expression is a double-edged sword for inducing cell-cycle arrest or creating a platform for senescence. Our
findings have therapeutic implications for integrated HPV associated HNSCC cell lines which were sensitive to
JQ1 treatment. With new generation of bromodomain (BD) inhibitors replacing JQ1, these drugs need to be

explored as a viable targeted therapeutic strategy over standard of care nonspecific DNA targeting cisplatin.
Figure legends

Figure 1: pan-BET inhibitor JQ1 treatment inhibits the growth of integrated HPV-associated head and
neck squamous carcinoma cells (HNSCC) (A) TCGA data derived from UALCAN denotes BRD mRNA
expression containing both bromodomains BD1 and BD2 associated with HPV status profiled through p16 and
viral in situ hybridization from 41 patients was significantly higher compared to 44 normal patients. (B) Total
read counts of all BRD RNAs retrieved from the TCGA database revealed higher expression in 80 patients
compared to 40 normal patients. Y-axis represents transcripts per million (TPM), 25" and 75" percentile data,
and Student’s t-test ** P<0.01, *** P<(0.001 (C) ICso values for seven HPV integrated HNSCC cell lines.
Viable cells were determined using presto blue after treating cells with increasing concentration of JQ1 for 72 h.

72 h. Error bars denote the SDs of independent experiments using six wells per dose. (D) The anatomical
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location of the tumors with corresponding epigenetic drivers mutated in their coding regions was identified to
be coregulated with BRD4. ICso values are represented as the average = SD (n =6). (E) Caspase 3/7 activity in
seven integrated HPV-associated HNSCC cell lines from biological triplicate wells treated with 500 nM JQ1

(=)- and quantified through luminescence readouts, normalized to control (vehicle enantiomer JQ1 (-)- treated

cells.

Figure 2: pan-BET inhibitor activity downregulates viral RNA and protein levels in selective HPV-
associated HNSCC cells. (A) Discordant read mapping was performed to quantify viral read counts after RNA-
sequencing experiments of seven integrated HPV-associated HNSCC cell lines treated with 500 nM JQ1 and its
enantiomer control JQ1 (-)- at 24 hours. Data represented as heatmap and hierarchal clustering of log 2-fold
changes in viral gene expression post-JQI1 treatment from DESeq2 analysis. The values inside each square
represent log> values with blue (down-regulated) and red (up-regulated). (B-H) Validation of RNA-sequencing
viral gene expression was quantified through transcript levels of viral E2, E6, and E7 qRT-PCR in JQ1-treated
cell lines at 500 nM concentration and normalized to vehicle JQ1 enantiomer at 30 minutes and 24 hours. RNA
extraction was performed from three biological experiments, and gene expression was analyzed with three
technical triplicates per experiment. Data are presented as the average ratio of viral E2, E6, and E7 RNA levels
for each cell line relative to vehicle control (mean £ SEM). Asterisks denote the level of statistical significance -
(*P < 0.05, **P < 0.01, ***P < 0.005; two-tailed t-test). (I) BRD4 knockdown phenocopies the effects of pan-
BET inhibitor, JQI, demonstrating downregulation of E2, E6, and E7 viral gene expression. Stable BRD4
knockdown was assessed in UM: SCC47 cell line by three independent shRNA clones, BRD4.1, 4.2, and 4.3, and
quantified by qRT-PCR. Inset shows a western blot of Brd4 protein knockdown using anti-Brd4 antibodies. (J-
L) Knockdown of BRD4 decreases E2, E6, and E7 expression in UM: SCC47 cell line. Data represented as the
average ratio of viral gene expression relative to levels obtained from control scrambled shRNA UMSSCC47 cell
line. shRNA decreases the expression. (M) Viral E6 and E7 protein levels in JQ1-treated sensitive integrated
HPV-associated HNSCC cell lines. Cells treated with JQ1 and its enantiomer (vehicle) at 30 min and 24 h lysates
were immunoblotted with anti-E6 and E7 antibodies; Gapdh serves as a loading control. Asterisks indicate cell

lines that were probed using the same blotting membrane for viral E6 or E7 protein.
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Figure 3: JQ1 treatment induces cell cycle arrest independent of c-Myc downregulation in six of the seven
integrated HPV-associated HNSCC cell lines. (A) qRT-PCR evaluated c-MYC RNA levels in cells treated
for 30 min and 24 hours with 500 nMJQ1 and its vehicle control. Mean fold change £SEM (n=9) from three
biological experiments. Asterisks denote the level of statistical significance - (*P < 0.05, **P <0.01, ***P <
0.005; two-tailed t-test). (B) c-Myc protein levels in seven integrated HPV-associated HNSCC cell lines treated
with 500 nM JQ1. Cells were treated with JQ1 and its inactive enantiomer for 30 min and 24 hours, lysed, and
probed with anti-cMyc antibody. Gapdh serves as a loading control. (C) Cell-cycle analysis of seven integrated
HPV-associated HNSCC cells treated with 500 nM for 24h and analyzed by propidium iodide flow cytometry.

Stacked bar graphs show the percentage of cells in different cell cycle phases. The percentage of cells was

calculated with Originlab software. Results represent mean values from three independent experiments.

Figure 4: JQ1 treatments induce tumor suppressor p21 expression and down-regulate E2Fs expression.
(A) gPCR analysis of TP53 expression in UMSCC47 (G1-arrest present) and UD: SCC2 ( G1-arrest absent)
cells treated with 500 nM JQI at 30 min and 24 h. (B) Western blot for total p53 and p21 in UD: SCC2 ( G1-
arrest absent) and UMSCC47 (Gl-arrest present) cells treated for 30 min and 24 h with JQ1 and its inactive
enantiomer. (C) qPCR analysis of RB1 expression in UD: SCC2 (G1-arrest absent) and UMSCC47 (G1-arrest
present) cells under indicated time points with JQ1 at 500 nM. (D) Western blot of phosphorylated Rb relative
to Total Rb in UD: SCC2 (G1-arrest absent) and UMSCC47 (G1-arrest present) cells under indicated treatments
and time points. (E) qPCR analyses of the E2F1 gene in UD: SCC2 (G1-arrest absent) and UM: SCC47 (G1-
arrest present) cells with JQ1 treatments at 30 min and 24 hours. (F) A heat map of an RNA-seq data of the log>
fold-change expression of the E2F family of genes that are either up-regulated (red) or down-regulated (blue) in
UD: SCC2 and UM: SCC47 cells treated at 500 nM and 1uM JQI at 24 hours. For qPCR experiments, RNA
from three biological experiments with triplicates (n=9) was used to perform statistical analyses, representing
the average ratio of each target gene expression for each cell line relative to enantiomer control ( mean + SEM).

RNA-seq experiments were conducted with three independent biological experiments.

Figure 5: pan-BET inhibitor, JQ1 associated transcriptional landscape of key viral-cellular gene targets

associated with cell-cycle progression in seven integrated HPV-associated HNSCC cells. (A) RNA-
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sequencing data from indicated seven cell lines treated with JQ1 and its enantiomer control at 24h. Discordant
read-analyses for viral gene expression and cellular gene expression were performed from three independent
biological replicates. A heat map represents a log» fold change of viral and cellular genes with hierarchical
clustering across seven cell lines. (B) Working model of pan-BET inhibitor, JQ1 treatment for integrated HPV-

associated HNSCC cell lines suggesting an interplay of direct and indirect roles of BET proteins in regulating

combined viral and cellular gene expression to induce a G1-arrest phenotype.
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Figure.U S1. Southern blot hybridization of restriction digested of seven HPV cell lines. Control HPV ~ 8 kb
plasmid with copy number of 1, 10 and 100 was loaded to validate the presence of HPV DNA in these cancer

cell lines. P indicates passage number.
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Nonlinear Curve Fit Dose Response Parameters

Value Standad Emor  tVale Prob3 Deperdency

Al 4249093 325572 1305115 124718ES 048754

A2 10398268 1399807 742836 306282E4 084385
LOG  -7.18672 018486 -3887645 193494E8 083835

p  -166667 077999 213678 007649 075364
span 6149176 1533673

EC20 14945867  453401E8
EC50 650552E8  276912E8
EC80 283169E8  2.14424E8

A1 4762577 286894 1660048 3.04803E6 043487

A2 9832513 557133 1764842 2.12477E6 0.53333

LOGXD -6.95525 012865 -5406292 2.68886E9 055615

p -1.66667 065585 -2.54121 0.04401 053136
span 5069936 673198

EC20 254674E7 861312E8
EC50 1.10853E7 32838E8
EC80 482516E8 253215E8

Al 5208370 21801 2389059 353199E7 049136

A2 9455697 412771 2290787 45335E7 061312

LOGx) -6.79148 01189 -57.11942 193422E9 05911

p -1.66667 05407  -3.08235 00216 05907
span 4247318 5.06964

EC20 37132367  1.11008E7
EC50 16162867  442499E8
EC8Q 70352568  3.19445E8

A1 5952425 143547 4146682 131561E8 028423

A2 9763684 281272 3471266 3.80814E8 060298

LOG:0 668143 008283 -8066333 244453E10 048042

p -1.66667 047598 -350152 00128 04544
span 3811259 3.35963

EC20 4.78418E7 128869E7
EC50 208244E7 397174E8
EC80 906433E8 304773E8

Al 1685289 166196 10.14034 534922E5 0.14153

A2 10186837 1580913 644364 661271E4 069777

LOGxD -7.0341 016566 -4246106 1.14175E8 075703

p -1.66667 062101 -2.6838 0.03635 057388
span 8501549 1609625

EC20 212393E7 574289E8
EC50 924495E8 352645E8
EC8C 40241E8 257667E8

Al 6848517 495197 13829889 B.8954E6 040994

A2 1094464 50427 2170394 624656E7 057057

LOGxD -6.51796 028336 -2300228 442407E7 0333733

p -1.66667 1578 -1.05619 033154 059263
span 4096123 806861

EC20 697064E7 647238E7
EC50 303415E7 197967E7
EC80 132069E7 1464527

Al 7491165 845115 886407 1.14692E4 080406

A2 10750372 215514 4988245 4.35383E9 0.35344

LOGx -5.82047 022501 -2586765 220081E7 088767

p -1.66667 124713 -1.3364 022986 077963
span 3259208 901

EC20 34735E6 379727E6
EC50 151193E6 783335E7
EC8C 658104E7 224638E7

Reduced Chi-sqr = 0.197218498215 COD(R"2) = 0.97049115006367

Iterations Performed = 12 Total lterations in Session = 12

All datasets were fitted successfully.

Standard Error was scaled with square root of reduced Chi-Sqr. span, EC20, EC50, EC80 are
derived parameter(s).

Statistics
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Number of Points
Degrees of Freedom
Reduced Chi-Sqgr
Residual Sum of Squares
R-Square (COD)

)Adj. R-Square

Fit Status

UM-SCC-47 UD-SCC-2 UPCI-SCC-90
10 10 10
6 6 6
0.69464 0.32555 0.31803
4.16786 1.9533 1.90819
0.96798 0.98163 0.95816
0.95197 0.97245 0.93723
Succeeded(100) Succeeded(100) Succeeded(100)

93VU147T
10
6
0.46139
2.76832
0.95835
0.93753
Succeeded(100)

UPCI-SCC-154
10
6
1.30944
7.85662
0.98063
0.97094
Succeeded(100)

UM-SCC-104
10
6
0.72104
4.32623
0.88452
0.82678
Succeeded(100)

UPCI-SCC-152
10
6
0.19722
1.18331
0.97049
0.95574
Succeeded(100)

Fit Status Code :

100 : Fit converged. Chi-Sqr tolerance value of 1E-9 was reached

UM-SCC-47

UD-SCC-2

UPCI-SCC-90

93VU147T

UPCI-SCC-154

UM-SCC-104

UPCI-SCC-152

Regression
Residual
Uncorrected Total
Corrected Total
Regression
Residual
Uncorrected Total
Corrected Total
Regression
Residual
Uncorrected Total
Corrected Total
Regression
Residual
Uncorrected Total
Corrected Total
Regression
Residual
Uncorrected Total
Corrected Total
Regression
Residual
Uncorrected Total
Corrected Total
Regression
Residual
Uncorrected Total
Corrected Total

DF Sum of Squares

4 3505.71854
64.16786
10 3509.8864
9 /130.15589
41694.34777
6/1.9533
10 1696.30107
9 106.33643
4 1764.8204
6/1.90819
10 1766.72859
9 45.60214

4 1525.05995
6 2.76832
10 1527.82826
966.4735

4 1350.58848
6 7.85662
10 1358.4451
9 405.51057
4 10685.41485
6 4.32623

10 10689.74108
9 37.4633

4 3210.35867
61.18331

10 3211.54198
9 40.10021

Mean Square

876.42963
0.69464

423.58694
0.32555

441.2051
0.31803

381.26499
0.46139

337.64712
1.30944

2671.35371
0.72104

802.58967
0.19722

F Value
1261.69645

1301.14495

1387.29699

826.34737

257.85689

3704.87042

4069.54558

Prob>F
6.69166E-9

6.10211E-9

5.03577E-9

2.37625E-8

7.70464E-7

2.65067E-10

2.0003E-10

At the 0.05 level, the fitting function is significantly better than the function y=0.
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Residual Plots
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Figure. S2. The IC50 values for JQ1 treatments for all cell lines were extracted from applying the Nonlinear

|
R

Curve Fit using the Levenberg Marquardt algorithm using the DoseResp model. The residual fits confirm that

the IC50 values were fitted to the equation y = A1l + (A2-A1)/(1 + 10~M(LOGx0-x)*p))
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Figure. S3. HPV-positive (UM-SCC-47, UD-SCC-2) head and neck cancer cell lines were treated with DMSO
(vehicle), 0.5 uM (+)-JQI1 or (-)-JQ1 for 96 hours. The number of live cells in each condition was counted using
a TC20 Biorad cell counter and trypan blue exclusion. The cell numbers were then normalized to the DMSO-
treated group. With (+)-JQ1 treatment for 96 hours, the number of live cells was significantly reduced compared
to vehicle control (DMSO). While the group treated with (-)-JQ1, a stereoisomer of (+)-JQ1, had a percentage
of live cells similar to the vehicle control group. This suggests (-)-JQ1 has minimal effect on the proliferation of

head and neck cancer cells at the concentration used in this study.
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Gene UD:SCC2 p-value UM:SCC47 p-value UPCI:SCC90 p-value UM:SCC104 p-value 93VU147T p-value UPCI:SCC152 p-value UPCI:SCC154 p-value
E1 0f 0] -2.633419(0.0142659] -2.0947516| 0.19604723] -1.8805472)  3.53E-30| -0.313392 0.535193 -0.5210918|  0.0175069| -0.76563525|0.002787
E2 0.028157| 0.925164| 0.3078121 0f -1.702974] 0.44015037| -2.2515172]  3.14E-26| -0.934486| 0.001518]  -0.42040868| 0.019755157 2.50569741 0
E5 0.082004| 0.868666| -3.565674]0.0005241] -0.6181522] 0 -1.4724131 0| 2.238484 0 -2.61200436| 0.196609045 0) 0
E6 -0.19341| 0.673064| -5.522024| 2.85E-11] -3.2982762| 0.03156495( -2.9374281 1.17E-40| -0.710889) 0.002741] -0.63551982| 0.002798126| -1.74772772| 6.29E-08
E7 -0.18416( 0.554812| -3.656829| 2.07E-12| -3.2294627| 0.05105591| -1.9517384] 1.42E-05| -0.768849) 0.1141] -1.68614212 1.20E-12)  -1.38476642|0.003166
L1 -0.03963| 0.911318| -0.279514| 0.866561| -1.2206026| 0.66441699| -2.6533874| 0.02441571] 0.248925| 0.738637| 0.579047522| 0.057621392 0| 0
L2 0.034996| 0.955862|  -2.58422|0.1557063 -1.0924648| 0.75231265) -2.0429019| 0.14720595 0.649898| 0.348262| 0.199274991| 0.643661439 0] 0]
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Figure S4. A. RNA-sequencing analyses of viral genes with log2fold change and its p-values. B. Normalized
read counts of viral genes E2, E6, and E7 suggest the abundance of viral transcripts in seven HPV16-associated

HNSCC cell lines.
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Figure S5. Box plot depicting normalized read counts of TP53 and RB from RNA-sequencing suggesting that

despite viral E6 and E7 expression, both TP53 and RB RNA levels are abundantly expressed.
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