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Abstract 27 

Head and neck cancers (HNCs) are a major health problem and a leading cause of morbidity 28 

and mortality worldwide. More than 90% of these tumours are head and neck squamous cell 29 

carcinomas (HNSCCs). Amongst the common risk factors for HNCs (tobacco and alcohol 30 

use), there is a strong association of human papillomavirus (HPV) with HNSCCs. HPV type 31 

16 (HPV 16), the major high-risk HPV type, is most commonly associated with HPV-driven 32 

HNSCCs. The promiscuous nature of the major HPV oncogene, E7, allows its interaction 33 

with a myriad of host proteins including STING, a component of the viral DNA-sensing 34 

cyclic GMP-AMP synthase (cGAS) - stimulator of interferon genes (STING) machinery. 35 

Sensing of viral DNA by the cGAS-STING machinery results in a type I interferon (IFN)-36 

mediated anti-viral response. Amelioration of IFN responses resulting from the direct 37 

blockade of STING by E7 was first demonstrated in high-risk HPV type 18 (HPV 18) 38 

positive (+) cervical squamous cell carcinoma (CESC) cells. However, the role of E7 from 39 

HPV 16 (HPV 16E7) in antagonising cGAS-STING responses have not been investigated, let 40 

alone in the context of HNSCCs. Here, we show that HPV 16E7+, but not HPV 16E7 41 

negative (-), HNSCC cells respond poorly to cGAS-STING activation stimulus. We further 42 

confirm that this inhibition occurred via the highly conserved LXCXE motif in 16E7. This 43 

finding contributes to the better understanding of role of high-risk HPV E7 in blocking 44 

cGAS-STING pathway, especially in the context of HNSCCs. 45 
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 52 

Introduction 53 

Head and neck squamous cell carcinomas (HNSCCs) has one of the fastest growing 54 

incidence rates among all cancers [1]. Although the prognosis of HPV positive (+) HNSCC is 55 

better than that of the tobacco and alcohol-related HPV negative (–) HNSCC [2], currently, 56 

the treatment of these two entities is identical [3]. While platinum-based chemotherapy and 57 

radiation therapy (alone or combined) are effective in reducing the bulk of the tumour, they 58 

have some significant drawbacks, including low specificity for tumour, toxicity, and severe 59 

adverse effects. Though current therapies for HPV+ HNSCCs are effective, severe late 60 

toxicity associated with current treatments contributes to the deterioration of patient quality 61 

of life [4]. Furthermore, given that current therapy fails in 15% of HPV+ HNSCCs with 62 

locoregional recurrence or distant metastatic disease, treatment deintensification is not 63 

appropriate for all patients [5]. New therapies for HPV+ HNSCCs are therefore needed. 64 

HNSCC is now the most common HPV-associated cancer and is now established as being 65 

mostly due to persistent infection with high-risk HPV type 16 [6]. Although HPV has been 66 

suggested as a risk factor for HNSCC, the recent dramatic increase in HPV-associated 67 

HNSCC has elicited considerable attention and these now outnumber cervical disease in the 68 

USA [1]. HPV-driven malignant transformation in cervical cancer is correlated with 69 

molecular events mediated by the major HPV oncogene, E7, which bind and down-regulate 70 

the tumour suppressor protein, retinoblastoma (Rb) [7]. We recently showed that HPV E7 is 71 

essential for survival of HPV+ HNSCCs [8].  72 

DNA tumour virus oncogenes have been shown to antagonise an important anti-viral DNA 73 

sensing innate immune machinery known as the Cyclic GMP-AMP synthase (cGAS) - 74 

stimulator of interferon genes (STING) pathway [9], a well-established cytosolic DNA-75 
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sensing machinery and responds to viral DNA during an infection [10]. cGAS is a DNA 76 

sensor protein, which, upon binding dsDNA independently of DNA sequence, and catalyzes 77 

the synthesis of 2′-3′-cyclic GMP-AMP (cGAMP). cGAMP functions as a second messenger 78 

that, in turn, engages the endoplasmic reticulum (ER)-membrane adaptor protein STING 79 

initiating a well-defined downstream signalling cascade culminating in the induction of type I 80 

interferons (IFNs). Among other viral oncogenes, the E7 oncogene from HPV 18 (HPV 81 

18E7) was shown to be a potent inhibitor of the STING pathway [9]. Importantly, this was 82 

due to direct E7 binding to STING via its LXCXE motif, a motif which is essential for 83 

blockade of Rb. Indeed, CRISPR/Cas editing of E7 from HeLa cells, a HPV 18E7+ cervical 84 

squamous cell carcinoma (CESC) cell line, restored the cGAS-STING pathway. However, 85 

work to date have only shown the blockade of cGAS-STING responses by HPV 18E7. HPV 86 

16 accounts for over 80% of HPV-related head and neck cancers [6]. Although, the LXCXE 87 

motif is highly conserved, the mechanism of action on known biological targets such as, pRB 88 

[11] and p130 [12] have been shown to be distinct between different HPV E7 types. The role 89 

of  HPV 16E7 in antagonising cGAS-STING responses have yet to be addressed, let alone in 90 

the context of HNSCCs. Interestingly, STING is highly expressed in advanced HPV+, not in 91 

HPV-, HNSCC tumours [13-15]. Importantly, STING is expressed by basal cells in the oral 92 

mucosa, which are a key target for HPV infection, and expression is maintained in these cells 93 

through HPV+ dysplastic progression [13]. We therefore explored whether cGAS-STING 94 

antagonism by HPV 16E7 occurs in HNSCCs.  95 

Materials and Methods 96 

Cell culture 97 

HNSCC cell lines used in this study include UDSCC2 (SCC2), UMSCC104 (SCC104), 98 

immortalized normal oral keratinocytes (NOKs) [16], HPV 16-transformed NOKs 99 

(NOK_HPV16) [16], UPCI:SCC90 (SCC90) and UMSCC1 (SCC1) (Kindly provided Prof. 100 
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Paul Lambert, University of Wisconsin). With the exception of SCC1, cells were obtained 101 

from various sources [8] and cultured as previously described [8]. SCC1 cells were grown in 102 

complete DMEM (Gibco-Invitrogen, Waltham, MA) supplemented with 10% heat 103 

inactivated foetal bovine serum (FBS) (Gibco-Invitrogen, Waltham, MA) and 1% of 104 

antibiotic/glutamine preparation (100 U/ml penicillin G, 100 U/ml streptomycin sulphate, and 105 

2.9 mg/ml of L-glutamine) (Gibco-Invitrogen, Waltham, MA) supplemented with 0.4ug/ml 106 

of hydrocortisone (Gibco-Invitrogen, Waltham, MA). 107 

Nucleic acids  108 

UltraPure sheared salmon sperm DNA was obtained from Thermo Scientific (Waltham, MA). 109 

Calf thymus DNA was obtained from Sigma-Aldrich (St Louis, MI) and was subjected to 110 

four rounds of Triton X-114 purification to remove endotoxin contamination as previously 111 

described [17]. 2’3’-cGAMP and 5’ ppp-dsRNA were obtained from InvivoGen (San Diego, 112 

CA).  113 

SCC1 stable cell line generation 114 

Cells were forward-transfected with plasmids bearing wild type and LXCXE mutant forms of 115 

the HPV 16E7 gene [18] using Fugene 6 (Promega, Madison, WI) in OptiMEM (Gibco-116 

Invitrogen, Waltham, MA) followed by stable selection in 500µg/ml of G418 (Sigma-117 

Aldrich, St Louis, MI). 118 

Nucleic acid transfection 119 

Cells were seeded overnight in a 12-well plate to 70-90% confluency before transfecting 120 

nucleic acids with Lipofectamine 2000 (Invitrogen, California USA) at a 1:1 ratio (1µg 121 

DNA:1 µl Lipofectamine 2000) in Opti-MEM (Gibco-Invitrogen, Waltham, MA).  122 

Immunoblotting  123 

Protein from cells were extracted in RIPA buffer (Thermo Scientific, Waltham, MA) 124 

containing 1x Halt Protease Inhibitor (Thermo Scientific, Waltham, MA). Immunoblots were 125 
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probed with antibodies against HPV 16E7 (ED-17) (Santa Cruz Technologies 126 

Biotechnologies, Dallas, TX), cGAS (D1D3G) (Cell Signaling Technologies, Danvers, MA), 127 

STING (D2P2F) (Cell Signaling Technologies, Danvers, MA), s6 ribosome (Cell Signaling 128 

Technologies, Danvers, MA) and β-tubulin (Sigma-Aldrich, St Louis, MI). Rabbit and mouse 129 

secondary antibodies (Cell Signaling Technologies, Danvers, MA) and ECL was used to 130 

detect protein signals on a Chemidoc XRS Visualiser (BioRad, Hercules, CA).  131 

Real-time (RT) and digital PCR 132 

RT PCR of human IFNβ (F- 5′ AAA CTC ATG AGC AGT CTG CA 3′, R-5′ AGG AGA 133 

TCT TCA GTT TCG GAG G 3′) was done on the Rotor-Gene (Gibco-Invitrogen, Waltham, 134 

MA) using the Rotor-Gene SYBR Green RT-PCR kit (Qiagen, Hilden, Germany). Human 135 

GAPDH (F- 5′ CGAGATCCCTCCAAAATCAA 3′, R- 5′ TTCACACCCATGACGAACAT 136 

3′) was used as the housekeeping gene. Absolute quantification of the HPV 16 E7 gene copy 137 

numbers was performed on the QuantStudio 3D Digital PCR System (Thermo Scientific, 138 

Waltham, MA) as previously described [8].  139 

Results and discussion 140 

Firstly, we wanted to verify HPV+ HNSCCs are indeed HPV 16E7+. We confirmed that 141 

HPV 16E7 were expressed in HPV+  HNSCC cell lines SCC2, SCC104 and SCC90 at 142 

comparable levels, both at a protein and mRNA level (Fig. 1a). This is in contrast to findings 143 

in a previous study where lower 16E7 protein expression was reported in SCC2 and SCC104 144 

cells compared to SCC90 cells [19]. Furthermore, their 16E7 relative expression data using 145 

real-time PCR was incongruent to their protein expression data. Our absolute quantification 146 

data using digital  PCR reflects a more accurate 16E7 expression pattern across the tested 147 

HPV+ HNSCC lines as this method measures the exact 16E7 gene copy numbers expressed 148 

in each cell. Indeed, a range of HNSCC cell lines and immortalized normal oral keratinocytes 149 

(NOKs) express cGAS and STING proteins (Fig. 1b). Consistent with previous findings [15], 150 
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we also demonstrate that SCC90 cells express little to no STING protein. It is interesting to 151 

note that NOKs express lower levels of the cGAS protein than seen in HNSCCs. This could 152 

possibly be a characteristic of non-SCC oral keratinocytes, though further work is needed to 153 

address this. HPV associated-HNSCC have a distinct morphological tropism in the 154 

oropharynx [20]. As a matter of fact, are increasingly found to be the causative agent for a 155 

subset of HNSCC, oropharyngeal squamous cell carcinomas (OPSCCs) [21]. Although the 156 

preference of HPV for the oropharynx is not clear, a plausible explanation is the unique 157 

presence of transitional mucosa in the oropharynx (histologically similar to the cervical 158 

mucosa). Other than NOKs, all the other tested HNSCC cells used in this study have non-159 

gingival origins [22]. This could explain why the cGAS-STING machinery is intact in these 160 

cells and therefore not surprising to find STING highly expressed in HPV+ HNSCC patient 161 

tumours from this anatomical site [13-15]. 162 

To test the ability of HNSCC cells to respond to cGAS-STING stimulation, cells were 163 

transfected with salmon sperm DNA (S.S. DNA), a known cGAS-STING activator [23]. 164 

Only transfection of HPV- SCC1 cells resulted in a robust type I IFN induction as early as 6h 165 

(Fig. 1c). All tested HPV+ HNSCC cell failed to mount an IFN response suggesting that the 166 

presence of HPV 16E7 is dampening cGAS-STING responses. This was further confirmed 167 

where transfection of 2’3’-cGAMP, a direct STING activator, failed to mount an appropriate 168 

type I IFN response in HPV+ HNSCC cells, but not SCC1 cells (Fig. 1c). Consistent with 169 

previous observations [15], SCC90 cells responded poorly to 2’3’-cGAMP (Fig. 1c). 170 

Transfection with 5’ppp-dsRNA, a ligand that activates the cytoplasmic dsRNA sensing 171 

receptor retinoic acid-inducible gene I (RIG-I) [24], resulted in a comparable robust type I 172 

IFN response in all tested HNSCC lines implying that the presence of HPV 16E7 had no 173 

effect on cytosolic dsRNA-mediated responses. It is important to note that 5’ppp-dsRNA was 174 

only able to induce IFNβ induction at 24h, but not 6h, post-transfection (Fig. 1c). The ability 175 
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for 5’ppp-dsRNA to induce RIG-I dependent type I IFN induction is expected as RIG-I is 176 

shown to be highly expressed HNSCCs [25]. Parallel to previous findings in HPV 18E7+ 177 

HeLa cells [9], insensitivity of SCC2 and SCC104 cells to cGAS-STING stimulation 178 

correlated with HPV 16E7 expression (Fig. 1c). For the first time, we demonstrate that HPV+ 179 

HNSCCs responded poorly to cGAS-STING stimulation in vitro. To definitively show 180 

whether loss of 16E7 would recover the cGAS-STING pathway in HPV+ HNSCC cells, a 181 

gene targeting approach to knockdown 16E7 (e.g. CRISPR/Cas9 gene editing) could be done 182 

to address this in future studies.  183 

Previous work by Lau et al., [9] demonstrated that HPV 18E7 could ameliorate cGAS-184 

STING responses and was dependent on the highly conserved LXCXE motif. To 185 

conclusively show that HPV 16E7 is responsible for the lack of DNA-mediated cGAS-186 

STING response seen in HPV+ HNSCCs (Fig. 1c), we generated SCC1 cells stably 187 

expressing HPV 16E7. Cells were then transfected cells with purified un-sheared calf thymus 188 

DNA (CT DNA), another commonly used specific activator of the cGAS-STING pathway 189 

[26], the same DNA used by Lau et al., [9]. CT DNA-mediated type I IFN induction was 190 

significantly reduced in cells that express wild type (WT) 16E7, but not the LXCXE mutant 191 

form, suggesting that the LXCXE motif is indispensable for 16E7-mediated cGAS-STING 192 

blockade in HNSCCs (Fig. 2a). To rule out the possibility that this effect was not due to high 193 

WT 16E7 expression, absolute quantification of E7 for all the SCC1 stable cell lines was 194 

done. Indeed, WT 16E7 gene copy numbers were comparable to that of the mutant form (Fig. 195 

2b). A similar blockade was also observed in NOK_16E7, NOKs that contained the episomal 196 

form of the entire HPV type 16 genome (Fig. 2c). As NOKs expressed very low levels of 197 

cGAS (Fig. 1b), 2’3’-cGAMP was used to induce STING specific-mediated type I IFN 198 

response. Overall, we show that the presence of 16E7 dampens cGAS-STING responses in 199 

SCC1 cells and NOKs. Whether the level of blockade with observed here with HPV 16E7 is 200 
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comparable to that seen previously with HPV 18E7 [9], remains to be seen. Unlike CESC 201 

cells, HPV 18+ HNSCC cell lines do not exist. Future work should focus on comparing the 202 

level of cGAS-STING blockade between different E7 derived from high and low-risk HPV 203 

types in HNSCC cells. This is crucial as it will determine whether E7/cGAS-STING pathway 204 

blockade is a unique characteristic of high-risk HPV types.  205 

In conclusion, we show that HPV-, but not HPV+, HNSCC cells responded to cGAS-STING 206 

pathway activators. Introduction of 16E7 into HPV- HNSCC cells and NOKs significantly 207 

dampened this response. Furthermore, we showed that the LXCXE motif of 16E7 was 208 

indispensable for 16E7-mediated STING pathway blockade. By understanding the dynamics 209 

of HPV E7/STING interplay in HNSCCs, we can envisage future therapeutic approaches for 210 

HNSCCs, which could involve a combination of HPV E7 oncogene targeting and the use of 211 

STING agonists. Indeed, tumour regression have been reported in a number of HNSCC in 212 

vivo models treated with STING agonists [13, 14, 27]. Importantly, the use of STING in 213 

HNSCC therapy may find merit in preventing progression of premalignant HNSCC to 214 

invasive forms of the disease. 215 
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 294 

Figure legends 295 

Figure 1 HPV16+ HNSCC cells responded poorly to cGAS-STING pathway 296 

activators. a) HPV 16 E7 is expressed in a range of HNSCC cell lines. Absolute 297 

quantitation of E7 gene copy number on cDNAs from  cells was done by digital PCR. Data is 298 
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representative of E7 gene copy number/µl ± confidence interval (CI). Protein from HPV 299 

positive (+ve) and negative (-ve) cells were extracted and immunoblots probed with 300 

antibodies against HPV type 16 E7 and s6 as loading control. Data shown are representative 301 

of three independent experiments. b) Normal oral and HNSCC cells express cGAS and 302 

STING proteins at varying levels. Protein from cells were extracted and immunoblots 303 

probed with antibodies against cGAS, STING and s6 as loading control. Individual blots 304 

shown are representative of three independent experiments. c) DNA-mediated cGAS-305 

STING activation is not observed in HPV16+ HNSCC cells. Cells were transfected with or 306 

without (Tx alone) 5µg of salmon sperm DNA (S.S. DNA), 1µg of 2’3’-cGAMP or 1µg of 307 

5’ppp-dsRNA (3pRNA) complexed with lipofectamine before extracting RNA at the 308 

indicated times. IFNβ mRNA expression relative to GAPDH mRNA was determined by RT 309 

PCR. Data is representative of the mean ± SD (n=3); ** p value < 0.01 and **** p value < 310 

0.0001, Student’s T test.  311 

Figure 2 HPV type 16E7 blocked DNA-mediated cGAS-STING responses in SCC1 312 

cells. a) Wild type 16E7, but not the LXCXE mutant form, blocked cGAS-STING 313 

responses in SCC1 cells. Parental (Control) and SCC1 cells stably expressing wild type 314 

16E7 (16E7) or an LXCXE mutant form (16E7LXCXE) were transfected with 5µg of CT DNA 315 

complexed with lipofectamine before extracting RNA at 6h post-transfection. IFNβ mRNA 316 

expression relative to GAPDH mRNA was determined by RT PCR. Percentage IFNβ mRNA 317 

expression was compared to that of control cells. Data is representative of the mean ± SD 318 

(n=3) * p value < 0.05, Student’s T test. b) HPV 16E7-mediated blockade of cGAS-STING 319 

responses was not due to discrepancies in the absolute expression levels of E7. Absolute 320 

quantitation of E7 gene copy number on cDNAs from cells was done by digital PCR. Data is 321 

representative of E7 gene copy number/µl ± confidence interval (CI). Protein from cells were 322 

extracted and immunoblots probed with antibodies against HPV type 16 E7 and β-tubulin as 323 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

loading control. c) Direct STING activation with 2’3’-cGAMP was dampened in NOKs 324 

retrovirally transduced with HPV type 16 genome. Parental (NOK) and retrovirally 325 

transduced NOKs with HPV type 16 genome (NOK_16E7) were transfected with or without 326 

(Tx alone) 5µg of 2’3’-cGAMP complexed with lipofectamine before extracting RNA 24h 327 

post-transfection. IFNβ mRNA expression relative to GAPDH mRNA was determined by RT 328 

PCR. Data is representative of the mean ± SD.  329 

 330 
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Highlights 
 

• HPV-positive HNSCC cells respond poorly to activators of the cGAS-STING 
pathway 

• cGAS-STING blockade was due to the presence of the high-risk HPV 16E7 oncogene 
• The highly conserved LXCXE motif of the 16E7 oncogene is responsible for cGAS-

STING blockade 




