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Abstract Human papilloma viruses (HPV) are the main culprit in cervical and oropharyngeal
cancers. HPV positive (þ) cancers are regarded as ‘oncogene addicted’, displaying an absolute
requirement for the continued expression of the oncogenes for their viability owing their sur-
vival, and thus making these genes salient targets for developing specific therapeutic agents.
There is a strong association between HPV and oropharyngeal squamous cell carcinomas
(OPSCC), a subset of head and neck cancers (HNCs). Alarmingly, HPV-associated OPSCC are
on the rise globally, and the number of cases of HPV þ OPSCCs surpasses that of cervical cancer
in the USA. Here, we show that major HPV oncogenes, E6 and E7, are essential for the survival
of HPV positive (þ) OPSCCs, making these oncogenes salient targets for HPV-driven OPSCCs.
HPV E7 is known to interact with STING, a component of the viral DNA-sensing cGAS-STING ma-
chinery which activates a pro-typical anti-viral type I interferon (IFN) response. Our recent
work showed that E7 from HPV type 16 is responsible for the blockade of cGAS-STING responses
in HPV þ OPSCC cells. In this study, we show that CRISPR/Cas9-mediated loss of E7 from
HPV þ OPSCC cells, SCC2 and SCC104, restored cGAS-STING responses. Future work could
involve HPV oncogene targeting leading to HPV þ OPSCC tumour regression and that the com-
bined use of STING agonists would induce favourable tumour clearance by activating appro-
priate anti-tumour responses.
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Introduction

Head and neck cancer (HNC) of the oropharynx, oropha-
ryngeal squamous cell carcinomas (OPSCCs), has one of the
fastest growing incidence rates among all cancers.1 OPSCCs
are the sixth most common cancer worldwide, with 550,000
diagnosed patients annually.2 OPSCC is now the most
common human papillomavirus (HPV)-associated cancer
and is now established as being mostly due to persistent
infection with high-risk HPV type 16.3 Although HPV has
been suggested as a risk factor for OPSCC, the recent dra-
matic increase in HPV-associated OPSCC has elicited
considerable attention and these now outnumber cervical
disease in the USA.4

HPV-driven malignant transformation in cervical cancer
is correlated with molecular events mediated by the major
HPV oncogene, E7, which bind and down-regulate the
tumour suppressor protein, retinoblastoma (Rb).5 It is well-
established that the continuous expression of E7 oncogene
is essential for maintaining the transformed phenotype in
cervical cancer.6,7 HPV positive (þ) OPSCCs, like cervical
cancers, have been shown to express HPV E7.8,9 We
recently showed that RNAi-mediated silencing of HPV E7
inhibited the growth of HPV þ OPSCC cells and in vivo
tumour load.10 We were also the first to show the absolute
requirement of E7 for cervical cancer tumour growth,
where delivery of CRISPR/Cas9 molecules targeting E7
in vivo in HPV þ cervical cancer tumours resulted in an
almost complete tumour ablation.11

An important host anti-viral defence machinery known
as the Cyclic GMP-AMP synthase (cGAS) - stimulator of
interferon genes (STING) pathway is a well-established
cytosolic DNA-sensing machinery and responds to viral
DNA during an infection.12 cGAS is a DNA sensor protein,
which, upon binding dsDNA catalyzes the synthesis of 20e30-
cyclic GMP-AMP (cGAMP). cGAMP functions as a second
messenger that, in turn, engages the adaptor protein,
STING, initiating a well-defined downstream signalling
cascade culminating in the induction of type I interferons
(IFNs). HPV needs active dividing cells to replicate but
because the epithelium in the oropharynx is discontinuous,
the virus can only replicate in a few cells. It is in this
replication stage that HPV DNA is present in the cytoplasm.
HPV E7 oncogene has been shown to be a potent inhibitor of
the STING pathway, in both cervical13 and HNC14 cells. Our
preliminary data shows that OPSCC cells that are
HPV þ responded poorly to cGAS-STING activation stimulus
compared to HPV negative (�) OPSCC cells.15 Indeed,
recent work has shown that loss of E7 from HPV type 16
(16E7) restored cGAS-STING responses in a number of
HPV þ OPSCC cell lines.14 In this short study, we plan to
extend these observations to other untested HPV þ OPSCC
cell lines.
et al., Loss of HPV type 16 E7
inomas cells, Journal of Micro
Materials and methods

Cell culture

Cell lines used in this study include, HeLa (obtained from
ATCC), UDSCC2 (SCC2) (Kindly provided by Professor Hoff-
mann and Dr S Schulz, University of Ulm, Germany),
UMSCC104 (SCC104) (Kindly provided by Professor T. Carey,
University of Michigan, USA), UMSCC1 (SCC1) (Kindly pro-
vided Professor P. Lambert, University of Wisconsin) FaDu
and Detroit 562 cells (Both kindly provided by Professor N.
Saunders, University of Queensland). HeLa, FaDu and
Detroit 562 cells were grown in complete media containing
DMEM (Gibco-Invitrogen, Waltham, MA) supplemented with
10% heat inactivated foetal bovine serum (FBS) (Gibco-
Invitrogen, Waltham, MA) and 1% of antibiotic/glutamine
preparation (100 U/ml penicillin G, 100 U/ml streptomycin
sulphate, and 2.9 mg/ml of L-glutamine) (Gibco-Invitrogen,
Waltham, MA). For SCC1 cells, complete media was sup-
plemented with 0.4ug/ml of hydrocortisone (Gibco-Invi-
trogen, Waltham, MA). For SCC104 cells, 1% MEM (Gibco-
Invitrogen, Waltham, MA) was supplemented into complete
media.

Nucleic acids

Plasmid DNAs (pDNAs) containing the Cas9 (pCas9) and
gRNA scaffold targeting E7 and E6 for HPV types 16
(pCas9_16E7 and pCas9_16E6) and 18 (pCas9_18E7) used in
this study were developed as previously described.11

Custom TrueGuide� synthetic gRNAs targeting the same
E7 region were obtained from ThermoFisher (ThermoFisher,
Waltham, MA). Calf thymus DNA (CT DNA) was obtained
from SigmaeAldrich (St Louis, MI) and was subjected to four
rounds of Triton X-114 purification to remove endotoxin
contamination as previously described.16 UltraPure sheared
salmon sperm DNA was obtained from Thermo Scientific
(Waltham, MA).

SCC1 stable cell line generation

Cells were transfected with pcDNA3 bearing the E7 gene
from various high -risk HPV types using Fugene 6 (Promega,
Madison, WI) in OptiMEM (Gibco-Invitrogen, Waltham, MA)
followed by stable selection in 100e200 mg/ml of zeocin
(Gibco-Invitrogen, Waltham, MA).

Cas9 stable cell line generation

SCC2 and SCC104 cells constitutively expressing Cas9
(SCC2_Cas9 and SCC104_Cas9, respectively) were gener-
ated by A/Prof Kaylene Simpson (Victorian Centre for
restores cGAS-STING responses in human papilloma virus-positive
biology, Immunology and Infection, https://doi.org/10.1016/
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Functional Genomics, Peter Mac Cancer Centre, Australia).
Cas9 stable expressing cells lines were generated by
transducing Cas9-blasticidin vector (lentiCas9-Blast; Addg-
ene #52962) at low multiplicity of infection (MOI) (w0.5).
Cas9þ cells were then selected in blasticidin over 10e14
days and used as a polyclonal pool in all experiments.

Cell transfection

Cells were seeded overnight in a 12-well plate to 70e90%
confluency before transfecting pDNAs or synthetic gRNAs
with FuGENE 6 (Promega, Madison, WI) in OptiMEM (Gibco-
Invitrogen, Waltham, MA) as per manufacturer’s protocol at
a 2:1 (2 mL:1 mg pDNA) or 2:1 (2 mL:1 mg gRNA) ratio,
respectively. CT DNA and S.S. DNA were transfected with
Lipofectamine 2000 (Gibco-Invitrogen, Waltham, MA) at a
1:1 ratio (1 mg DNA:1 ml Lipofectamine 2000) in Opti-MEM
(Gibco-Invitrogen, Waltham, MA).

Cell viability assessment

Cell viability was assessed by the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay. MTT re-
agent (SigmaeAldrich, St Louis, MI) was added at a final
concentration of 0.5 mg/ml for an additional 4 h. MTT
crystals were dissolved in 100% DMSO before reading the
colorimetric absorbance at 544 nm on a FLUOstar OPTIMA
microplate reader (BMG LabTech, Germany).

Immunoblotting

Protein from cells were extracted in RIPA buffer (Thermo
Scientific, Waltham, MA) containing 1� Halt Protease In-
hibitor (Thermo Scientific, Waltham, MA). Immunoblots
were probed with antibodies against cGAS (D1D3G) (Cell
Signaling Technologies, Danvers, MA), STING (D2P2F) (Cell
Signaling Technologies, Danvers, MA), Cas9 (Cell Signaling
Technologies, Danvers, MA), HPV 16E7 (ED-17) (Santa Cruz
Technologies Biotechnologies, Dallas, TX), HPV 18E7 (F-7)
(Santa Cruz Technologies Biotechnologies, Dallas, TX), s6
ribosome (Cell Signaling Technologies, Danvers, MA) and b-
tubulin (SigmaeAldrich, St Louis, MI). 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).

Real-time (RT) PCR

RT PCR of human IFNb (F- 50 AAA CTC ATG AGC AGT CTG CA
30, R-50 AGG AGA TCT TCA GTT TCG GAG G 30) was done on
the Rotor-Gene (Gibco-Invitrogen, Waltham, MA) using the
Rotor-Gene SYBR Green RT-PCR kit (Qiagen, Hilden, Ger-
many) as previously done.15 Human GAPDH (F- 50 CGA-
GATCCCTCCAAAATCAA 30, R- 50 TTCACACCCATGACGAACAT
30) was used as the housekeeping gene.

Results and discussion

We previously showed that the presence of HPV 16E7 was
responsible for the lack of cGAS-STING responses seen in
Please cite this article as: Bortnik V et al., Loss of HPV type 16 E7 r
oropharyngeal squamous cell carcinomas cells, Journal of Micro
j.jmii.2020.07.010
HPV16þ HNSSC cells.15 In this study, we explored whether
the loss of HPV 16E7 oncogene would restore cGAS-STING
responses in these cells. Here, we utilised a transfection-
based approach using CRISPR-Cas9 plasmids bearing HPV
oncogene targeting gRNAs, which we have previously used
for deleting HPV type 16 and 18 E6 and E7 oncogenes in
HPV þ cervical cancer cells.11 Using Cas9 protein as a
marker, we were successful at transfecting HPV16þ OPSCC
SCC2 cells with a pCas9 plasmid in a dose dependent
manner (Fig. 1A). Recent work from our lab showed
remarkable toxicity in HPV E7-edited cervical cancer cells,
implying that E7 is indispensable for cervical cancer cell
survival.11 To assess whether this ‘oncogene addiction’
with E7 occurs in HPV þ OPSCC cells, SCC2 cells were
transfected with pCas9_16E6, pCas9_16E7 or in combina-
tion and cell viability measured over time. E7 targeting
alone was not sufficient to induce cell killing when
compared to pCas9 transfected cells and the non-targeting
control (pCas9_18E7) (Fig. 1B). However, dual targeting of
E6 and E7 resulted in around 50% loss of cell viability as
early as 48h and maintained at a later time point. This was
not due to plasmid DNA-mediated toxicity as similar
amounts of plasmids used in single plasmid transfection
(i.e. 1000 ng) were used in the dual targeted E6 and E7
treatment group (i.e. 500 ng of each plasmid DNA). This
finding is consistent with what we have previously shown
where loss of E6 and E7 in HPV þ cells using siRNAs resulted
in partial, but significant cell killing (w50% cell death).10

Unlike what we have reported in HPV þ cervical cancer
cells,11 we do not see a strict requirement for the HPV E7
oncogene in HPV þ HNSCC cell survival. Indeed, there
appears to be a partial requirement for E6 for survival.10

Other tumour suppressor gene mutations present in these
HPV þ HNSCCs cell lines17 could additionally be essential
for survival. Future work is currently focussed on under-
standing this.

Given that loss of E7 had no effect on SCC2 cell
viability, we can therefore study the effect of deleting E7
on cGAS-STING responses without any confounding cyto-
toxic effects. Consistent with previous findings,13 our
approach for plasmid-based editing E7 also resulted in the
restoration of cGAS-STING responses in HeLa cells, a
HPV18þ cervical cancer cell line, in response to trans-
fected CT DNA, a well-known cGAS-STING pathway acti-
vator (Fig. 1C). Indeed, E7 editing in SCC2 and
SCC104 cells, another HPV16þ OPSCC cell line, resulted in
a robust IFNb induction in response to DNA transfection,
compared to the non-targeting control (pCas9_18E7)
(Fig. 1D). To rule out the possibility that plasmid DNA may
be influencing the observed cGAS-STING response, we used
SCC2_Cas9 and SCC104_Cas9 cells, which constitutively
expresses Cas9. Synthetic targeting gRNAs were then
transfected into cells before challenging with CT DNA. E7-
mediated blockade of cGAS-STING responses were restored
in 16E7-targeting gRNA, but not 18E7-targeting gRNA,
transfected cells (Fig. 1E), as seen in plasmid-based E7
edited cells (Fig. 1D). Our findings are consistent with that
seen in other E7-edited HPV þ OPSCC cell lines, UMSCC47
and 93VU147T.14 The only difference was the agonist they
used to induce IFNb activation; we used CT DNA as a cGAS-
STING agonist, whereas the other study used cGAMP, a
direct STING agonist. We previously shown cGAS-STING
estores cGAS-STING responses in human papilloma virus-positive
biology, Immunology and Infection, https://doi.org/10.1016/



Figure 1. Loss of 16E7 in HPV D OPSCC cells restored cGAS-STING responses. a) SCC2 cells were successfully transfected

with Cas9 containing pDNA. SCC2 cells were transfected with increasing doses of pCas9 for 72h before immunoblotting for total
Cas9 protein. s6 was used as a loading control. b) Loss of 16E7 alone does not kill SCC2 cells. SCC2 cells were transfected with
1000 ng of either pCas9 (�), pCas9_16E7 (16E7), pCas9_16E6 (16E6) or pCas9_18E7 (18E7) alone or 500 ng of each of pCas9_16E7 and
pCas9_16E6 (16E6/E7) together (total of 1000 ng) before measuring cell viability at 48h and 72h. c) Loss of E7 restored CT DNA-
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pathway blockade in HPV þ OPSCC cells with both CT DNA
and cGAMP as activators of the pathway.10 In this study, we
used CT DNA as it produces a much rapid IFNb response
(6h) than cGAMP (24h) in OPSCC cells based on our previ-
ous observations.10

To see whether E7 from other high-risk HPV types
commonly associated with HPV-driven OPSCCs18 equally
antagonise the cGAS-STING system, we have engineered
HPV- OPSCC cells, SCC1, to express E7 from HPV type 16, 45
and 52. We chose SCC1 cells as our model HPV- OPSCC cell
line based on its robust responsiveness to cGAS-STING
stimulation using CT DNA,15 over salmon sperm DNA (S.S.
DNA) (Supplementary Fig. 2), another known cGAS-STING
stimulator.19 As cGAS is activated by transfected DNA in a
length-dependent manner (i.e. longer DNA induces a more
potent IFN response than shorter DNA),20 unsheared CT
DNA, a shorter DNA (w8e15 kb in length), was able to
trigger better responses than sheared S.S. DNA (w1e2 kb in
length) in SCC1 cells. Despite the oropharyngeal origins of
HPV- OPSCC cell lines, FaDu and Detroit 562 cells,21 and
relatively intact cGAS and STING protein expression, these
cells responded poorly even with a potent cGAS activator,
CT DNA, compared to SCC1 cells (Fig. 1F). FaDu and Detroit
562 cells are known to carry mutations distinct to that of
SCC1 cells.17 Furthermore, unlike FaDu and Detroit
562 cells, SCC1 cells originated from the floor of the mouth
of the oropharynx similar to that of SCC104.21 It is possible
that anatomical origin and mutational background could
account for differences we see in the cellular responses. It
is important to note that the lack of response seen in FaDu
in our experiments is relative to the response generated by
SCC1 cells (Fig. 1F). Our data cannot be compared to the
type I IFN responses seen in FaDu cells from another study,
as IFNb responses were induced by forced expression of
STING using a STING-expressing plasmid.14 Compared to the
robust IFNb seen in parental SCC1 cells transfected with CT
DNA, this response was dampened in the presence of E7
from different high-risk HPV types (Fig. 1G). Here, we show
that HPV 45E7 and HPV 52E7 can antagonise IFNb responses
to the same degree as HPV 16E7. Although the E7 LXCXE
motif is highly conserved, the mechanism of action via this
motif on known biological targets such as, pRB22 and p13023
mediated cGAS-STING activation in HeLa cells. HeLa cells wer
pCas9_18E7 for 72h before transfecting with or without (Tx alone
expression relative to GAPDH mRNA was determined by RT PC
(Supplementary Fig. 1). d-e) Loss of 16E7 restored CT DNA-mediat

SCC104 cells were transfected with 1000 ng of either pCas9, p
(SCC2_Cas9) and SCC104 (SCC104_Cas9) cells were transfected with
or 18E7 for 72h. Cells were then transfected with or without (Tx al
expression relative to GAPDH mRNA was determined by RT PC
(Supplementary Fig. 1). f) SCC1 cells is the most responsive HPV-

Cells were transfected with or without (C) 5 mg of CT DNA for 6h. R
mRNA was determined by RT PCR. Protein from cells were extracte
and s6 as loading control. g) High-risk HPV E7 types equally antago

cells. Parental and SCC1 cells stably expressing HPV 16E7, 45E7 a
extracting RNA at 6h post-transfection. IFNb mRNA expression relati
expression was compared to that of non-transfected cells. All da
**p < 0.001, ***p < 0.0001, one-way ANOVA.
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have been shown to be distinct between different HPV E7
types. Indeed, recent work has shown that HPV 16E7 and
HPV 18E7 employ distinct mechanisms to antagonise the
STING pathway.14 It would be interesting to investigate
antagonism of STING mechanism employed by HPV 45E7 and
HPV 52E7 proteins.

Though current therapies for HPV þ OPSCCs are effec-
tive, severe late toxicity associated with current treat-
ments contributes to the deterioration of patient quality of
life.24 Furthermore, given that current therapy fails in 15%
of HPV þ OPSCCs with locoregional recurrence or distant
metastatic disease, treatment deintensification is not
appropriate for all patients.25 New therapies for
HPV þ OPSCCs are therefore needed. Understanding cGAS-
STING antagonism is important as blockade of this pathway
may limit favourable anti-tumour responses against the
tumour. The consequent type I IFN secretion from cGAS-
STING activation initiates an anti-tumour response
involving dendritic cells, CD8þ T cells and natural killer
cells.26 Triggering or reactivation of STING in the tumour
microenvironment has showed promising increased treat-
ment efficacy in several different cancer tumour models27

and very recent early phase clinical trials have revealed
successes for advanced lymphomas and pancreatic adeno-
carcinomas.28 Indeed, tumour regression have been re-
ported in a number of OPSCC in vivo models treated with
STING agonists.29e31 If we could effectively disrupt HPV E7
function, we could alleviate the cGAS-STING pathway
blockade in HPV þ OPSCCs. Taking advantage of this sce-
nario and the alleviated immuno-evasive function of E732 in
E7-edited cells, therapeutic STING agonist challenge would
induce a robust type I IFN response, which in a tumour
microenvironment setting, would be favourable for an anti-
tumour response in these patients. Given that E6 and E7
combined editing kills HPV þ OPSCC cells (Fig. 1B), tar-
geting E6 and E7 could lead to HPV þ OPSCC tumour
regression and the combined use of STING agonists would
induce favourable tumour clearance. This combination
therapy approach could be a feasible therapeutic approach
to ameliorate HPV þ OPSCC tumours therefore offering an
encouraging way forward for oropharyngeal cancer
treatment.
e transfected with 1000 ng of either pCas9, pCas9_16E7 or
) 5 mg of CT DNA for 6h. RNA was extracted and IFNb mRNA
R. E7 protein knockdown was confirmed by immunoblotting
ed cGAS-STING activation in HPV D OPSCC cells. (d) SCC2 and
Cas9_16E7 or pCas9_18E7 for 72h. (e) Cas9 expressing SCC2
out (�) or with 500 ng of either synthetic gRNAs targeting 16E7
one) 5 mg of CT DNA for 6h. RNA was extracted and IFNb mRNA
R. E7 protein knockdown was confirmed by immunoblotting
OPSCC cell line to CT DNA-mediated cGAS-STING activation.

NA was extracted and IFNb mRNA expression relative to GAPDH
d and immunoblots probed with antibodies against cGAS, STING
nize CT DNA-mediated cGAS-STING activation of IFNb in SCC1

nd 52E7 protein were transfected with 5 mg of CT DNA before
ve to GAPDH mRNA was determined by RT PCR. Fold IFNbmRNA
ta is representative of the mean � SD (n Z 3). *p < 0.05,

estores cGAS-STING responses in human papilloma virus-positive
biology, Immunology and Infection, https://doi.org/10.1016/



6 V. Bortnik et al.

+ MODEL
Funding

The Victorian Centre for Functional Genomics (K.J.S.) is
funded by the Australian Cancer Research Foundation
(ACRF), the Australian Phenomics Network (APN) through
funding from the Australian Government’s National
Collaborative Research Infrastructure Strategy (NCRIS)
program, the Peter MacCallum Cancer Centre Foundation
and the University of Melbourne Research Collaborative
Infrastructure Program.
Declaration of competing interest

Authors have no conflict of interest to declare.
References

1. Van Dyne EA, Henley SJ, Saraiya M, Thomas CC, Markowitz LE,
Benard VB. Trends in human papillomavirus-associated cancers
- United States, 1999-2015. MMWR Morb Mortal Wkly Rep 2018;
67:918e24.

2. McDermott JD, Bowles DW. Epidemiology of head and neck
squamous cell carcinomas: impact on staging and prevention
strategies. Curr Treat Options Oncol 2019;20:43.

3. Bratman SV, Bruce JP, O’Sullivan B, Pugh TJ, Xu W, Yip KW,
et al. Human papillomavirus genotype Association with survival
in head and neck squamous cell carcinoma. JAMA Oncol 2016;
2:823e6.

4. Mahal BA, Catalano PJ, Haddad RI, Hanna GJ, Kass JI,
Schoenfeld JD, et al. Incidence and demographic burden of
HPV-associated oropharyngeal head and neck cancers in the
United States. Cancer Epidemiol Biomark Prev 2019;28:
1660e7.

5. Munger K, Howley PM. Human papillomavirus immortalization
and transformation functions. Virus Res 2002;89:213e28.

6. Munger K, Phelps WC, Bubb V, Howley PM, Schlegel R. The E6
and E7 genes of the human papillomavirus type 16 together are
necessary and sufficient for transformation of primary human
keratinocytes. J Virol 1989;63:4417e21.

7. Magaldi TG, Almstead LL, Bellone S, Prevatt EG, Santin AD,
DiMaio D. Primary human cervical carcinoma cells require
human papillomavirus E6 and E7 expression for ongoing pro-
liferation. Virology 2012;422:114e24.

8. Gillison ML, Shah KV. Human papillomavirus-associated head
and neck squamous cell carcinoma: mounting evidence for an
etiologic role for human papillomavirus in a subset of head and
neck cancers. Curr Opin Oncol 2001;13:183e8.

9. Weinberger PM, Yu Z, Haffty BG, Kowalski D, Harigopal M,
Brandsma J, et al. Molecular classification identifies a subset of
human papillomavirus–associated oropharyngeal cancers with
favorable prognosis. J Clin Oncol 2006;24:736e47.

10. Shaikh MH, Idris A, Johnson NW, Fallaha S, Clarke DTW,
Martin D, et al. Aurora kinases are a novel therapeutic target
for HPV-positive head and neck cancers. Oral Oncol 2018;86:
105e12.

11. Jubair L, Fallaha S, McMillan NAJ. Systemic delivery of
CRISPR/Cas9 targeting HPV oncogenes is effective at elimi-
nating established tumors. Mol Ther 2019;27:2091e9.

12. Cai X, Chiu YH, Chen ZJ. The cGAS-cGAMP-STING pathway of
cytosolic DNA sensing and signaling. Mol Cell 2014;54:289e96.
Please cite this article as: Bortnik V et al., Loss of HPV type 16 E7
oropharyngeal squamous cell carcinomas cells, Journal of Micro
j.jmii.2020.07.010
13. Lau L, Gray EE, Brunette RL, Stetson DB. DNA tumor virus on-
cogenes antagonize the cGAS-STING DNA-sensing pathway.
Science 2015;350:568e71.

14. Luo X, Donnelly CR, Gong W, Heath BR, Hao Y, Donnelly LA,
et al. HPV16 drives cancer immune escape via NLRX1-mediated
degradation of STING. J Clin Invest 2020;130.

15. ShaikhMH,BortnikV,McMillanNAJ,IdrisA.cGAS-STINGresponsesare
dampenedinhigh-riskHPVtype16positiveheadandnecksquamous
cellcarcinomacells.MicrobPathog2019;132:162e5.

16. Stacey KJ, Young GR, Clark F, Sester DP, Roberts TL, Naik S,
et al. The molecular basis for the lack of immunostimulatory
activity of vertebrate DNA. J Immunol 2003;170:3614e20.

17. Kalu NN, Mazumdar T, Peng S, Shen L, Sambandam V, Rao X,
et al. Genomic characterization of human papillomavirus-
positive and -negative human squamous cell cancer cell
lines. Oncotarget 2017;8:86369e83.

18. LeConte BA, Szaniszlo P, Fennewald SM, Lou DI, Qiu S, Chen N-
W, et al. Differences in the viral genome between HPV-positive
cervical and oropharyngeal cancer. PloS One 2018;13:
e0203403.

19. Li X, Shu C, Yi G, Chaton CT, Shelton CL, Diao J, et al. Cyclic
GMP-AMP synthase is activated by double-stranded DNA-
induced oligomerization. Immunity 2013;39. https:
//doi.org/10.1016/j.immuni.2013.1010.1019.

20. Luecke S, Holleufer A, Christensen MH, Jonsson KL, Boni GA,
Sorensen LK, et al. cGAS is activated by DNA in a length-
dependent manner. EMBO Rep 2017;18:1707e15.

21. Lin CJ, Grandis JR, Carey TE, Gollin SM, Whiteside TL,
Koch WM, et al. Head and neck squamous cell carcinoma cell
lines: established models and rationale for selection. Head
Neck 2007;29:163e88.

22. White EA, Sowa ME, Tan MJ, Jeudy S, Hayes SD, Santha S, et al.
Systematic identification of interactions between host cell
proteins and E7 oncoproteins from diverse human papilloma-
viruses. Proc Natl Acad Sci U S A 2012;109:E260e7.

23. Barrow-Laing L, Chen W, Roman A. Low- and high-risk human
papillomavirus E7 proteins regulate p130 differently. Virology
2010;400:233e9.

24. Machtay M, Moughan J, Trotti A, Garden AS, Weber RS,
Cooper JS, et al. Factors associated with severe late toxicity
after concurrent chemoradiation for locally advanced head
and neck cancer: an RTOG analysis. J Clin Oncol 2008;26:
3582e9.

25. Masterson L, Moualed D, Liu ZW, Howard JE, Dwivedi RC,
Tysome JR, et al. De-escalation treatment protocols for human
papillomavirus-associated oropharyngeal squamous cell carci-
noma: a systematic review and meta-analysis of current clin-
ical trials. Eur J Canc 2014;50:2636e48.

26. Corrales L, Glickman LH, McWhirter SM, Kanne DB, Sivick KE,
Katibah GE, et al. Direct activation of STING in the tumor
microenvironment leads to potent and systemic tumor
regression and immunity. Cell Rep 2015;11:1018e30.

27. Iurescia S, Fioretti D, Rinaldi M. Nucleic acid sensing machin-
ery: targeting innate immune system for cancer therapy.
Recent Pat Anti-Cancer Drug Discov 2018;13:2e17.

28. Iurescia S, Fioretti D, Rinaldi M. Targeting cytosolic nucleic
acid-sensing pathways for cancer immunotherapies. Front
Immunol 2018;9:711.

29. Baird JR, Feng Z, Xiao HD, Friedman D, Cottam B, Fox BA, et al.
STING expression and response to treatment with STING ligands
in premalignant and malignant disease. PloS One 2017;12:
e0187532.

30. Liang D, Xiao-Feng H, Guan-Jun D, Er-Ling H, Sheng C, Ting-
Ting W, et al. Activated STING enhances Tregs infiltration in
the HPV-related carcinogenesis of tongue squamous cells via
restores cGAS-STING responses in human papilloma virus-positive
biology, Immunology and Infection, https://doi.org/10.1016/

http://refhub.elsevier.com/S1684-1182(20)30167-5/sref1
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref1
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref1
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref1
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref1
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref2
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref2
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref2
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref3
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref3
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref3
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref3
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref3
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref4
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref4
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref4
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref4
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref4
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref4
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref5
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref5
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref5
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref6
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref6
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref6
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref6
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref6
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref7
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref7
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref7
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref7
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref7
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref8
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref8
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref8
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref8
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref8
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref9
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref9
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref9
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref9
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref9
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref10
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref10
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref10
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref10
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref10
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref11
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref11
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref11
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref11
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref12
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref12
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref12
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref13
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref13
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref13
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref13
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref14
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref14
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref14
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref15
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref15
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref15
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref15
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref16
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref16
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref16
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref16
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref17
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref17
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref17
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref17
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref17
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref18
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref18
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref18
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref18
https://doi.org/10.1016/j.immuni.2013.1010.1019
https://doi.org/10.1016/j.immuni.2013.1010.1019
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref20
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref20
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref20
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref20
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref21
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref21
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref21
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref21
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref21
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref22
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref22
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref22
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref22
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref22
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref23
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref23
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref23
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref23
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref24
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref24
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref24
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref24
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref24
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref24
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref25
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref25
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref25
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref25
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref25
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref25
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref26
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref26
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref26
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref26
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref26
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref27
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref27
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref27
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref27
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref28
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref28
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref28
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref29
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref29
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref29
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref29
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref30
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref30
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref30


E7 blocks HNSCC STING responses 7

+ MODEL
the c-jun/CCL22 signal. Biochim Biophys Acta 2015;1852:
2494e503.

31. Baird JR, Bell RB, Troesch V, Friedman DJ, Bambina S,
Kramer G, et al. Evaluation of explant responses to STING li-
gands: personalized immunosurgical therapy for head and neck
squamous cell carcinoma. Cancer Res 2018;78(21):6308e19.

32. Kuo P, Teoh SM, Tuong ZK, Leggatt GR, Mattarollo SR,
Frazer IH. Recruitment of antigen presenting cells to skin
Please cite this article as: Bortnik V et al., Loss of HPV type 16 E7 r
oropharyngeal squamous cell carcinomas cells, Journal of Micro
j.jmii.2020.07.010
draining lymph node from HPV16e7-expressing skin requires
E7-Rb interaction. Front Immunol 2018;9:2896.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jmii.2020.07.010.
estores cGAS-STING responses in human papilloma virus-positive
biology, Immunology and Infection, https://doi.org/10.1016/

http://refhub.elsevier.com/S1684-1182(20)30167-5/sref30
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref30
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref30
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref31
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref31
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref31
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref31
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref31
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref32
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref32
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref32
http://refhub.elsevier.com/S1684-1182(20)30167-5/sref32
https://doi.org/10.1016/j.jmii.2020.07.010

	Loss of HPV type 16 E7 restores cGAS-STING responses in human papilloma virus-positive oropharyngeal squamous cell carcinom ...
	Introduction
	Materials and methods
	Cell culture
	Nucleic acids
	SCC1 stable cell line generation
	Cas9 stable cell line generation
	Cell transfection
	Cell viability assessment
	Immunoblotting
	Real-time (RT) PCR

	Results and discussion
	Funding
	Declaration of competing interest
	Declaration of competing interest
	References
	Appendix A. Supplementary data


