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Abstract
The major HPV oncogenes E6 and E7 are known for its notoriety in driving the carcinogenic process in
human papilloma virus (HPV) driven cancers. It is well-established that the removal of E7 dampens HPV
cancer cell growth and proliferation. This has made E7 one of the most attractive targets for HPV
cancers. Seminal work from our laboratory employed in vivo CRISPR editing treatment to delete E7,
resulting in the effective elimination of HPV positive (HPV+) cervical cancer tumours in vivo. We have
also successfully delayed HPV+ tumour growth in vivo with aurora kinase (AURK) inhibitors, an effect
which is strongly sensitized by the presence of E7 expression. Unlike our observations in cervical cancer
cells, in vitro targeting of E6/E7 have only resulted in partial killing of HPV+ oropharyngeal cancer (OPC)
cells. The effect of E7 removal on HPV+ OPC tumours in vivo have not been explored. In this study we
investigated a staggered combination of aurora kinase inhibition, using alisertib, followed by CRISPR
editing of E7, to determine if this would lead to better HPV+ OPC cell killing in vitro and in vivo.
Remarkably, genetic deletion of E7 alone was su�cient to effectively eliminate established HPV+ OPC
tumours in vivo suggesting that E7 is essential in the maintenance of HPV+ OPC cancers.

Introduction
Current standard treatments for oropharyngeal cancer (OPC) consist of surgery followed by radiotherapy
or chemoradiotherapy (1). It is well known that human papilloma virus positive (HPV+) cancers present
better prognosis than HPV negative (HPV-) cancers (2). However, the lines of treatment for both HPV + 
and HPV- OPCs are similar and remain limited (3). Finding a novel therapeutic approach that improve
quality of life of patients undergoing current standard treatment regimens is crucial.

High-risk HPV cancers are driven by major HPV oncogenes, E6 and E7, which promote uncontrolled cell
growth and genomic instability by down-regulate the tumour suppressor proteins, p53 and
retinoblastoma (Rb), respectively (4). Our lab has shown that the presence of HPV E7 sensitizes both
HPV + cervical and HPV + OPC tumours to tumour regression by inhibiting aurora kinases (AURKs) using
an investigational AURK inhibitor, alisertib (5–7). AURKs are a group of serine-threonine kinases that
regulate cell cycle and are involved in a variety of processes including centrosome maturation, entry in
mitosis, microtubule spindle assembly, and cytokinesis (8–9). However, alisertib treatment does not result
in the complete elimination of HPV + OPC tumours, rather it delays tumour growth (6). On the other hand,
we have successfully eliminated HPV + cervical cancer tumours in vivo by directly targeting the E7
oncogene (10). Indeed, these tumours have an ‘oncogene addiction’ to E7. However, the level of
‘oncogenic addiction’ is not known for HPV + OPCs. Our preliminary data suggests there is less addiction
as that loss of E7 in HPV + OPC cell lines using HPV E6/E7-targeting siRNAs leads to incomplete cell
killing in vitro and tumour growth delay in vivo (6). We also observed loss of cell viability in a HPV + OPC
cell line, SCC2, subjected to CRISPR-mediated deletion of E6/E7 (11). However, the effect of permanently
deleting E7 using CRISPR on HPV + OPC tumour growth in vivo have not been explored.
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In recent years, there has been a dramatic increase in the use of combination therapies for treating HPV-
associated malignancies (12). Indeed, investigational lines of combinatorial treatments involving gene
editing CRISPR technology and small molecule chemotherapeutics have been attempted for both HPV
and non-HPV cancers (13–16). Clinically, the impact of many therapeutic modalities is additive if the
combined effect equals the total of the effects of the separate modalities. The combination of CRISPR
targeting of E7 with cytotoxic drugs may have synergistic effects on the restoration of Rb function,
making it a more effective therapeutic strategy for the treatment of HPV + OPC cancers. Here, we propose
testing the effect of targeting AURKs with alisertib and CRISPR-mediated deletion of E7 in HPV + OPC
tumours in vivo. In this study, we have taken a sequential treatment regimen by �rstly treating tumours
with alisertib to target HPV + E7 expressing tumours before completely deleting E7 using CRISPR. We
hypothesize that alisertib treatment will result in initial tumour regression (by virtue of the presence of
E7), followed by effective tumour killing by CRISPR-mediated deletion of E7.

Materials And Methods

Cells
The HPV + OPC cell line, UDSCC2 (SCC2), used in this study was kindly provided by Professor Hoffmann
and Dr S Schulz (University of Ulm, Germany). SCC2 and HEK293T cells (ATCC, CRL-1573) were cultured
in complete media containing DMEM (Gibco-Invitrogen, Waltham, MA) supplemented with 10% heat
inactivated foetal bovine serum (FBS) and 1% antibiotic/glutamine preparation (100 U/ml penicillin G,
100 U/ml streptomycin sulphate, and 2.9 mg/ml L-glutamine) (Gibco-Invitrogen, Waltham, MA). SCC2
cells constitutively expressing Cas9 (SCC2 Cas9) were developed as previously described (11) and
maintained in media supplemented with blasticidin.

Plasmids
Plasmids used in this study include, envelope VSV-G containing plasmid (pMDG2.G, Addgene #12259),
packaging plasmids, pRSV-Rev (Addgene #12253) and pMDLg/pRRE (Addgene #12251), and the E7
gRNA containing FgH1tUTG plasmid. The doxycycline (dox)-inducible gRNA expression plasmid vector,
FgH1tUTG (Addgene #70183), was kindly provided by Professor Marco Herold (Walter and Eliza Hall
Institute of Medical Research, Australia) (17). CRISPick design tool was used to design the gRNA
targeting HPV 16 E7 oncogene and cross-checked against other gRNA selection tools (ChopChop and
Crispor). The E7 targeting gRNA (5′-GCAAGTGTGACTCTACGCTT-3’) was then cloned into the FgH1tUTG
plasmid, puri�ed (#12362, Endofree Plasmid Maxi Kit, QIAGEN, Hilden, Germany) and con�rmed by PCR
and Sanger sequencing (BigDye Terminator v3.1 Cycle Sequencing Kit, Applied Biosystems 2002).

Lentivirus production and transducing SCC2 Cas9 cells
Low passage HEK293T cells (human embryo kidney cell line) were co-transfected with pMDG2.G, pRSV-
Rev, pMDLg/pRRE, and the E7 gRNA containing FgH1tUTG plasmid using the Lipofectamine 3000
transfection reagent (#L3000015, Thermo Fisher Scienti�c, Waltham, MA). After 48h post-transfection,
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viral supernatant was concentrated in Amicon ® Ultra-15 Centrifugal Filter units (Merck, Germany) and
viral titre determined by �ow cytometry (BD LSR FORTESSA cell analyser (BD bioscience, San Jose, CA))
as previously described (18). SCC2 Cas9 cells were then infected with lentivirus bearing the E7 targeting
gRNA sequence at the multiplicity of infection (MOI) of 10 for 24 h, before cells were subjected to cell
sorting on the BD FACSAria™ III Cell Sorter (BD bioscience, San Jose, CA).

Chemicals and animal fodder
To promote sgRNA expression in cell lines, doxycycline hyclate (dox) (#D9891, Sigma-Aldrich, St Louis,
MI) was dissolved in sterile water at a stock concentration of 10mg/ml and added to cell culture media at
a �nal concentration of 10µg/ml. Standard rodent food was supplemented with doxycycline (600mg/kg
body weight) (Dox fodder) for in vivo work (#SF08-026, Specialty Feeds, WA, Australia). Alisertib was
purchased from Selleck Chemicals (Houston, TX) and powder dissolved in sterile-grade DMSO (Sigma-
Aldrich, St Louis, MI). For in vivo work, alisertib was prepared in 10% 2-hydroxypropyl-cyclodextrin (Sigma-
Aldrich, St Louis, MI)/10% sodium bicarbonate (Sigma-Aldrich, St Louis, MI).

Cell viability determination
Cell viability was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. MTT reagent (Sigma Aldrich, St Louis, MI) was added into cell meadia at a �nal concentration of
0.5 mg/ml for 2 h. MTT crystals were dissolved in DMSO before measuring colorimetric absorbance at
544 nm using a FLUOstar OPTIMA microplate reader (BMG LabTech, Germany).

SCC2 Cas9 xenografts and treatment protocol
Female nude mice (aged 6–8 weeks) were purchased from the animal resource centre (ARC), Perth,
Australia. All animal experiments were performed in accordance with the Australian and New Zealand
Council for the Care and Use of Animals in Research standards and were approved by the Gri�th
University Animal Ethics committee (MHIQ/14/20). Tumours were established by subcutaneously
injecting 2×106 SCC2 Cas9 cells (100 µl/injection in 50% PBS:50% Corning ® Matrigel® solution (vehicle)
(Sigma-Aldrich, St Louis, MI) in the right �ank of mice as done previously (6). Mice were monitored for
tumour growth and when the tumours reached a size of approximately 100 mm3 (22 days after
transplantation), mice were either vehicle administered (untreated) or oral gavage (o.g.) administered with
100µl of Alisertib at 30 mg/kg once per day for ten consecutive days as previously described (19)
(Alisertib). For dox treatment, fed dox fodder was given at day 32 to induce the dox-inducible CRISPR
system (DOX) as previously described (17). Mice in the untreated and alisertib group were fed standard
non-dox fodder. For the combination treatment regimen, mice �rst received daily doses of Alisertib for ten
days before feeding mice with dox fodder. Tumours volumes were measured using digital calipers.
Tumour size was measured every two days and mice health monitored daily. Mice were euthanized and
culled at the end of designated monitoring period or when tumour mass reached 1000 mm3 or reached
clinical endpoint (> 20% weight loss, lack of grooming, reduce activity and appetite). Mice deaths:
Untreated (Day 49 - All 6 mice culled based on endpoint criteria).
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Immunoblotting
Tumour proteins were extracted using AllPrep DNA/RNA/Protein Kit (#80004, QIAGEN, Hilden, Germany),
according to manufacturer’s protocol. Immunoblots were probed with antibodies against HPV 16E7
(NM2) (Santa Cruz Technologies Biotechnologies, Dallas, TX), PARP (Cell Signaling Technologies,
Danvers, MA) and S6 (Cell Signaling Technologies, Danvers, MA). Rabbit and mouse secondary
antibodies (Cell Signaling Technologies, Danvers, MA) and ECL was used to detect protein signals on a
Chemidoc XRS Visualiser (BioRad, Hercules, CA).

Determining gene editing e�ciency
Cell genomic DNA was isolated using the QIAamp DNA Mini Kit (#51306 QIAGEN, Hilden, Germany)
according to manufacturers’ instructions. Tumor DNA and RNA were extracted using AllPrep
DNA/RNA/Protein Kit (# 80004, QIAGEN, Hilden, Germany), according to manufacturers’ protocol. The E7
gene was ampli�ed by PCR using primers previously designed (6) and puri�ed by ultra�ltration before
sequencing using the BigDye Terminator v3.1 Cycle Sequencing Kit, Applied Biosystems 2002 (Part#
4337035A) following manufacturers’ protocol. Sanger sequencing results were analyzed using the online
tool, TIDE (Tracking Indels by DEcomposition https://tide.nki.nl) as previously described (20).

Statistical analysis
Differences between treatment groups were done using a two-way ANOVA followed by Tukey's multiple
comparisons test on GraphPad Prism v9.

Results And Discussion
Alisertib treatment of mice bearing HPV + OPC cells successfully inhibited tumour growth but failed to
eliminate tumours completely (6). We consider the possibility that alisertib treatment was not effective at
eliminating E7 expressing tumours in vivo despite our previous observations that alisertib-mediated
killing of HPV + tumours are sensitized to the presence of E7 (5–7). Owing to our recent success at
completely eliminating HPV + cervical cancer tumours in vivo by deleting E7 using CRISPR technology
(10), we rationalize that this would occur in HPV + OPC tumours. Dual deletion of the E6 and E7
oncogenes using siRNA (6) and CRISPR (11) approaches were effective at killing HPV + OPC cells in vitro.
Using alisertib to initially sensitize the HPV + OPC tumours to killing, we predict that complete genetic
deletion of E7 would result in effective removal of tumours. Here, we employed a doxycycline (dox)-
inducible CRISPR system (17) in SCC2 cells constitutively expressing the Cas9 protein (SCC2 Cas9 (11)),
whereby dox will induce the expression of an E7 targeting gRNA (SCC2 Cas9_E7) (Fig. 1A). Treatment of
SCC2 Cas9_E7 cells with dox results in a 55–60% E7 gene editing e�ciency and that dox treatment is not
toxic in control SCC2 Cas9 cells (Fig. 1B). Alisertib and dox alone were equipotent at killing SCC2
Cas9_E7 cells relative to control SCC2 Cas9 cells in vitro, with only a marginal improvement in
cytotoxicity when cells were �rst treated with alisertib for 48h before treating with dox for an additional
60h (Fig. 1C). We have previously reported the effect of alisertib on a range of HPV + OPC cell lines, with
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high E7 expressing cell lines, SCC2 and SCC104 cells, being the most sensitive to alisertib (6). Based on
this, we have chosen to use the SCC2 cell line in this study. Here, we employed a CRISPR editing system
that would ensure the continuous and stable expression of gRNAs in SCC2 Cas9_E7 cells when exposed
to dox. Our previous work showed that E6/E7 targeting resulted in ~ 50% killing of SCC2 cells using
siRNAs (6) and CRISPR (11) approaches, consistent with the levels of cytotoxicity seen here. Though
statistically signi�cant, the pre-treatment of cells with alisertib before activating the CRISPR system with
dox did little to improve cell killing relative to its respective single treatment groups in vitro (Fig. 1C). It is
possible that there are other confounding factors, such as unexplored driver mutations in HPV + OPC cell
lines that are allowing these cells to survive in the absence of E7 in vitro. Indeed, SCC2 cells are reported
to have a number of genetic mutations (KMT2D, CRBBP and EP300 genes), which are frequently found in
HPV + head and neck cancer patient tumours (21). It is possible that these mutations could be
compensating for the loss of E7 in vitro.

We then explored these treatment regimens in an HPV + OPC xenograft model (6). Dox treatment alone on
mice bearing control SCC2 Cas9 tumours had no effect on tumour killing (data not shown), consistent
with what we observe in vitro (Fig. 1B). Consistent with our previous observations (6), alisertib treatment
alone only delayed tumour growth when compared to tumours in the control (untreated) group (Fig. 1D).
Indeed, initial tumour regression was seen over the course of alisertib treatment before tumours growth
gradually recovers over the next 20 days. CRISPR-mediated deletion of E7 alone at ~ 60% E7 editing
e�ciency (Fig. 1E) was remarkably su�cient at eliminating tumours (average tumour volume at day 53 = 
44mm3), with little to no additive effect when mice were pre-administered with alisertib (average tumour
volume at day 53 = 25.3mm3) (Fig. 1D). Importantly, we observed no animal morbidity all the treatment
groups when compared to the untreated group (Fig. 1D). Furthermore, immunoblotting analysis of the
tumours con�rms that E7 was successfully deleted in dox-treated mice and that tumours from alisertib
and dox treated mice died by apoptosis by virtue of PARP cleavage, a biochemical marker for apoptosis
(Fig. 1E). The lack of PARP cleavage seen in alisertib and dox combined treatment could suggest that
these tumours collected at that timepoint (day 53) have surpassed the early apoptotic stages of cell
death. We have previously observed tumour growth delay in mice bearing SCC104 tumours administered
with single dose of E6/E7 targeting siRNA (6). Using an inducible CRISPR platform, we have successfully
eliminated HPV + OPC tumours by deleting E7. This observation is consistent with our previous work
where we observed complete elimination of HPV + cervical cancer tumours in mice administered with
CRISPR-Cas9 plasmids bearing E7 targeting gRNA (10). Despite seeing only ~ 50% cell killing in vitro
(Fig. 1C), we observed almost complete elimination of tumours in vivo (Fig. 1D). It is important to note
that mice tumours were exposed to dox over a long period of time (23 days). Whether treating SCC2
Cas9_E7 for longer periods of time in vitro would improve cell killing remains to be seen. There are a few
limitations in this work that warrant future investigations. Data presented here only representative of a
single HPV + OPC cell line. Testing our approach in a range of low and high E7 expressing OPC cell lines
(SCC104, SCC90 and 147T) would be important as to paint a more representative picture of the
requirement of E7 for tumour growth in vivo. Given that SCC104, SCC90 and 147T were affected to the
same degree as SCC2 with siRNA-mediated E7 knockdown (6), we predict that loss of E7 by CRISPR
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would equally and effectively eliminate these tumours. Our in vivo uses immunocompromised mice (nude
mice) and any effect of loss of E7 on T cell-mediated anti-tumour immunity cannot be explored. Future
work will focus on the use of HPV + mouse tonsil cells that form squamous cancers in immune-
competent mice (22).

Overall, we show that genetic deletion of E7 was su�cient to kill HPV + OPCs tumour growth in vivo.
CRISPR-based therapy is close to becoming a reality for human diseases caused by a single mutation.
NTLA-2001, a CRISPR-based therapeutic designed to treat transthyretin (ATTR) amyloidosis by targeting
transthyretin (TTR) gene, recently underwent phase I clinical trials in a small group of patients with
hereditary ATTR amyloidosis (23). Patients administered with NTLA-2001 experienced mild adverse
events and signi�cant decreases in their serum TTR protein concentrations. We have recently highlighted
the challenges associated with CRISPR therapy for HPV-driven cancers (24). Our data presented here and
for cervical cancer (10) strongly demonstrates the critical role of the E7 oncogene in HPV-driven tumour
growth. Despite this, it is important to remain cognizant of the heterogeneous nature HPV + cancers and
that targeting E7 alone may not after all be the �nal frontier for these cancers. Nonetheless, our
preclinical data strongly supports the notion that targeting a single major oncogene is e�cient at killing
these tumours.
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Figure 1

Genetic deletion of E7 leads to HPV+ OPC cell and tumour killing.

A) Diagrammatic representation of the doxycycline (dox) inducible gRNA system. Cas9 is constitutively
expressed in SCC2 cells (SCC2 Cas9). Treatment with dox rapidly induces the sgRNA, which activates
Cas9 and directs it to the target E7 genomic sequence.



Page 11/11

B) For gene editing e�ciency analysis, SCC2 Cas9 cells bearing the dox-inducible E7 targeting gRNA
(SCC2 Cas9_E7) were treated with dox (10mg/ml) for 60-72h before extracting genomic DNA for Sanger
sequencing. Percentage indel was determined by TIDE analysis (n=2 ± standard error of mean (SEM)).
For cell viability assays, SCC2 Cas9 cells were either treated with sterile water (-) or with dox (10mg/ml)
(+) for 60h before performing an MTT assay. Data representative of one out of three independent
experiments. Bars denote mean percentage viability to cells treated with sterile water (-). Error bars
denotes SEM of technical quadruplicate treatments.

C) SCC2 Cas9_E7 and SCC2 Cas9 cells were either treated with sterile water (-), with 400nM �nal
concentration of alisertib (Alisertib) for 48h or dox (10mg/ml) (Dox) for 60h. For staggered combinations,
cells were �rst treated with alisertib (400nM) for 48h before replacing with media supplemented with
either sterile water (No dox) or dox (10mg/ml) for a further 60h. An MTT assay was performed at the
prescribed timepoints. Data representative of one out of three independent experiments. Bars denote
mean percentage viability to SCC2 Cas9 control cells treated with its respective treatment groups. Error
bars denotes SEM of technical quadruplicate treatments.

D) Nude mice were xenografted (Day 0) with SCC2 Cas9_E7 cells and tumours allowed to grow for 22
days before treating mice with vehicle control (untreated), alisertib (o.g. 30mg/kg) daily over 10 days
(Alisertib) or fed dox fodder from day 32 onwards (DOX). For combined treatments, mice were �rst
administered with alisertib before replacing standard fodder with dox fodder (Alisertib+DOX). Each point
represents mean of n = 5-6 mice/group. Mean tumour volumes are shown with error bars representing
SEM. Mouse survivorship (percentage survival) were evaluated and plotted throughout the experiment.

E) Tumours excised from the end of the treatment (day 53 for all treatment groups or day 49 for untreated
group) were processed for genomic DNA extraction for Sanger sequencing. Percentage indel was
determined by TIDE analysis (n=5-6 ± standard error of mean (SEM)).

F) Proteins were extracted from tumours at the end of treatment (day 53 for all treatment groups or day
49 for untreated group) and immunoblotted for indicated proteins. s6 protein was used as a loading
control. Data representative of one out of three independent experiments, using tumours from different
mice within its respective treatment groups.


