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Abstract

Cellular infections by DNA viruses trigger innate immune responses mediated by DNA

sensors. The cyclic GMP–AMP synthase (cGAS)‐stimulator of interferon gene (STING)

signaling pathway has been identified as a DNA‐sensing pathway that activates

interferons in response to viral infection and, thus, mediates host defense against

viruses. Previous studies have identified oncogenes E7 and E1A of the DNA tumor

viruses, human papillomavirus 18 (HPV18) and adenovirus, respectively, as inhibitors of

the cGAS‐STING pathway. However, the function of STING in infected cells and the

mechanism by which HPV18 E7 antagonizes STING‐induced Interferon beta production

remain unknown. We report that HPV18 E7 selectively antagonizes STING‐triggered

nuclear factor kappa‐light‐chain‐enhancer of activated B cells (NF‐κB) activation but not

IRF3 activation. HPV18 E7 binds to STING in a region critical for NF‐κB activation and

blocks the nuclear accumulation of p65. Moreover, E7 inhibition of STING‐triggered

NF‐κB activation is related to HPV pathogenicity but not E7–Rb binding. HPV18 E7,

severe acute respiratory syndrome coronavirus‐2 open reading frame 3a, human

immunodeficiency virus‐2 viral protein X, and Kaposi's sarcoma‐associated herpes-

virus KSHV viral interferon regulatory factor 1 selectively inhibited STING‐triggered

NF‐κB or IRF3 activation, suggesting a convergent evolution among these viruses

toward antagonizing host innate immunity. Collectively, selective suppression of the

cGAS‐STING pathway by viral proteins is likely to be a key pathogenic determinant,

making it a promising target for treating oncogenic virus‐induced tumor diseases.
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1 | INTRODUCTION

Various nucleic acid sensors converge on the STING adapter

protein, which induces type I IFN expression via IRF3 and nuclear

factor kappa‐light‐chain‐enhancer of activated B cells (NF‐κB)

nuclear translocation, and IFN‐stimulated gene expression.1–3 Several

DNA and RNA viruses antagonize the GMP–AMP synthase (cGAS)‐

stimulator of interferon gene (STING) pathway.4,5 Notably, different

viral proteins have different mechanisms for antagonizing STING,6

and the variety of immune evasion strategies employed by different

viruses indicates the importance of this pathway in sensing viral

pathogens.6

Human papillomaviruses (HPVs) are small double‐stranded

DNA viruses that cause over 99% of cervical cancers.7,8 The growth

of HPV‐transformed cells, especially those with high‐risk HPV16/18,

depends on the ability of the viral oncoproteins E6 and E7 to

manipulate genomic instability and the signaling pathways involved in

cell proliferation and cell death.9,10 E6 and E7 inactivate the p53 and

Rb tumor suppressor pathways, respectively,10,11 and both high‐ and

low‐risk HPV E7 proteins can interact with Rb via Leu‐X‐Cys‐X‐Glu

(LXCXE) motifs.11–13 Why DNA tumor viruses have evolved

oncogenes is a long‐standing question.14

Lau et al. first identified DNA tumor viral oncogenes, including

HPV18 E7 and adenovirus E1A, as potent and specific inhibitors of the

cGAS‐STING pathway.15 E1A and E7 bind to STING, and silencing of

these oncogenes in human tumor cells restores the cGAS‐STING

pathway, revealing a host–virus conflict that may have shaped the

evolution of viral oncogenes.15,16 Kaposi's sarcoma‐associated her-

pesvirus (KSHV) is a DNA virus linked to human malignancies,17,18 and

KSHV viral interferon regulatory factor 1 (vIRF1) inhibits cGAS‐STING‐

dependent Interferon beta (IFNβ) induction.17,18 However, there is still

much to be uncovered regarding the function of STING within infected

cells. A better understanding of the interactions between oncovirus

proteins and the human host should help in the prevention of tumor

diseases induced by oncogenic viruses and inform the development of

treatments.6

Herein, we demonstrated that HPV18 E7 selectively antagonizes

cGAS‐STING‐triggered NF‐κB activation but not IRF3 activation.

HPV18 E7 binds to STING in a unique region critical for NF‐κB

activation and blocks the nuclear accumulation of p65, thereby

inhibiting NF‐κB signaling. Additionally, we found that high‐risk

tumor‐inducing E7 oncoproteins (HPV18 E7), but not low‐risk tumor‐

inducing E7 oncoproteins (HPV6 E7 and HPV11 E7), bound to STING

and inhibited STING‐triggered NF‐κB activation. E7 antagonizes

STING and is related to HPV pathogenicity. Interestingly, we found

that the HPV18 E7 mutant, in which Rb binding was disrupted, still

had the ability to antagonize STING‐triggered NF‐κB activation.

Moreover, our previous data showed that severe acute respiratory

syndrome coronavirus‐2 (SARS‐CoV‐2) open reading frame 3a

(ORF3a) and human immunodeficiency virus‐2/SIV viral protein X

(Vpx) specifically inhibited cGAS‐STING‐mediated NF‐κB signaling

but not IRF3 signaling.19,20 We revealed that HPV18 E7, similar to

ORF3a and Vpx, inhibits STING‐triggered NF‐κB activation but not

IRF3 activation, whereas KSHV vIRF1 inhibits STING‐triggered IRF3

activation but not NF‐κB activation. These findings are suggestive of

a convergent evolution among these viruses toward antagonizing the

host's innate immunity. Our results demonstrate that selective

suppression of the cGAS‐STING pathway by viral proteins is likely

a key pathogenic determinant, making it a promising target for

intervention in the development of tumors caused by oncogenic

viruses.

2 | MATERIALS AND METHODS

2.1 | Cell lines and plasmids

HEK293T (CRL‐3216, ATCC) and HeLa cells (CCL‐2, ATCC) were

cultured in Dulbecco's modified Eagle's medium (DMEM) supple-

mented with 10% fetal bovine serum and 1% penicillin/streptomycin

solution. The Myc‐cGAS, STING‐Flag, STING‐Flag truncation, STING‐

GFP, KSHV vIRF1, and luciferase reporter plasmids used in this

study have already been explored in a previous work.19 HPV6 E7

(GenBank: QEE83770.1), HPV11 E7 (GenBank: QEE83879.1), and

HPV18 E7 (GenBank: ATL15232.1) were synthesized and inserted

into the VR1012 vector (Generay Biotech Co., Ltd.). All constructs

were confirmed by DNA sequencing.

2.2 | Immunoblotting

Immunoblotting was performed as previously described.19

Specifically, the following antibodies were used: anti‐histone H3

(Genscript, A01502), anti‐HA (BioLegend, 901514), anti‐Flag M2

(Sigma, F3165), anti‐myc (Millipore, 05‐724), anti‐IRF3 (Cell Signaling,

11904), anti‐GAPDH (Proteintech, 60004‐1‐lg), anti‐STING (Protein-

tech, 19851‐1‐AP), anti‐cGAS (Proteintech, 26416‐1‐AP), anti‐E7

(Santa Cruz, sc‐365035), and anti‐p65 (Proteintech, 10745‐1‐AP).

HRP‐conjugated anti‐rabbit IgG (HuaBio, HA1006) and anti‐mouse IgG

(HuaBio, HA1001) were used as the secondary antibodies.

2.3 | Coimmunoprecipitation

HEK293T cells were seeded into 6‐cm dishes and transfected with

the indicated plasmids using Hieff TransTM Liposomal Transfection

Reagent (YeasenBiotech, China). Coimmunoprecipitation was per-

formed as previously described.19

2.4 | Nuclear and cytoplasmic fractionation

Nuclear and cytoplasmic protein fractions of the cultured cells

were obtained using NE‐PERTM Nuclear and Cytoplasmic Extraction

Reagents (Thermo Scientific, 78833) according to the manufacturer's

protocols.
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2.5 | RNA extraction and reverse‐transcription
quantitative polymerase chain reaction (RT‐qPCR)

Total RNA was isolated from the cells using TRIzol reagent (Life

Technologies) according to the manufacturer's instructions. RNA was

reverse‐transcribed using random primers and MultiScribe reverse

transcriptase from High‐Capacity cDNA Archive Kits (Applied Biosys-

tems) according to the manufacturer's instructions. The StepOne Real‐

Time PCR system (Applied Biosystems) was used for RT‐qPCR

amplification. The target sequences have been previously described.19

2.6 | Luciferase assays

HEK293T cells were transfected with the reporter plasmids, Renilla

luciferase control plasmid, and the indicated amounts of expression

plasmids. Dual‐luciferase activity were measured as previously

described.19

2.7 | Immunostaining

Cells grown on coverslips were fixed for 30min with 4% para-

formaldehyde, permeabilized for 10min in 0.1% TritonX‐100 in

phosphate buffered saline (PBS), and blocked with 5% bovine serum

albumin for 1 h. Cells were then incubated with the primary antibody at

4°C overnight. After rinsing with PBS, cells were incubated with

fluorophore‐conjugated secondary antibodies (MULTI SCIENCES) for

1 h at 37°C. Nuclei were counterstained with DAPI (Sigma‐Aldrich).

Images were captured using a laser‐scanning confocal microscope (Zeiss

LSM 710) with ZEISS ZEN microscope software used for acquisition.

2.8 | Statistical analysis

Data from the luciferase reporter assays and RT‐qPCR results are

presented as means and standard errors, and statistical significance

was determined using two‐sided unpaired t‐tests (*p < 0.05; **p < 0.01;

NS, not significant). All analyses were performed in GraphPad Prism

software version 5.01.

3 | RESULTS

3.1 | HPV18 E7 selectively antagonizes
cGAS‐STING‐triggered NF‐κB activation but not IRF3
activation

Using established experimental systems for the detection of cGAS‐

STING‐triggered innate immune activation,19,20 we evaluated the innate

immune modulation by HPV18 E7 in HEK293T cells. Interestingly, our

results showed that HPV18 E7 reduced STING‐induced NF‐κB,

NFKBIA, CXCL8, and IFNβ luciferase activity but not IRF3 luciferase

activity (Figure 1A,B). We also observed that HPV18 E7 inhibited the

expression of STING‐induced NF‐κB‐related genes (NFKBIA, TNFAIP3,

CXCL8, and IER3) but not IRF3‐related genes (IFIT1, IFIT2, and IFIT3)

(Figure 1C). The level of ectopically expressed cGAS, STING, and HPV18

E7 was physiologically relevant (Supporting Information: Figure 1).

Furthermore, NF‐κB luciferase activity and NF‐κB‐related genes were

significantly activated by dsDNA in HeLa cells when endogenous

HPV18 E7 was silenced (Supporting Information: Figure 2A and B).

However, IRF3 luciferase activity and IRF3‐related genes were not

activated by dsDNA in these HeLa cells (Supporting Information:

Figure 2C−E). We also expressed HPV18 E7 in EA.hy926 cells and

evaluated its effects of HPV18 E7 on the DNA‐sensing pathway. As

expected, STING agonist‐induced NF‐κB‐related genes, but not IRF3‐

related genes, were significantly inhibited in EA.hy926 cells expressing

HPV18 E7 compared with that in control cells (Supporting Information:

Figure 3). These data indicated that HPV18 E7 selectively antagonizes

cGAS‐STING‐triggered NF‐κB activation but not IRF3 activation.

3.2 | HPV18 E7 binds STING in a unique region
and blocks the nuclear accumulation of p65 to inhibit
NF‐κB signaling

Our previous study showed that deletion of amino acids 344–379 of

the STING protein (amino acids 1–343 retained) did not significantly

affect cGAS‐STING‐triggered NF‐κB activation but destroyed cGAS‐

STING‐triggered IRF3 activation, whereas deletion of amino acids

318–379 of STING (amino acids 1–317 retained) abolished both

cGAS‐STING‐triggered NF‐κB and IRF3 activation.20 (Figure 2A).

Because HPV18 E7 can selectively interfere with STING function, we

hypothesized that HPV18 E7 can interact with STING. Indeed, an

interaction between HPV18 E7 and STING was detected using

coimmunoprecipitation (Figure 2B). Interestingly, we discovered that

the 318–343 region is required for the interaction of STING with

HPV18 E7. By contrast, amino acids 344–379, which are important

for IRF3 activation, were dispensable for interaction with HPV18 E7

(Figure 2B). The intracellular co‐localization of HPV18 E7 and STING

was observed by immunofluorescence staining of HeLa cells

(Figure 2C). Immunoprecipitation analysis using HeLa cells samples

indicated an interaction between endogenous STING and HPV18 E7

(Supporting Information: Figure 4). Furthermore, STING activation

triggered the nuclear translocation of NF‐κB (p65 and p50) and IRF3.

We observed that the STING‐triggered nuclear accumulation of p65

was inhibited by HPV18 E7 (Figure 2D and Supporting Information:

Figure 5), consistent with its selective role in inhibiting STING.

3.3 | E7 inhibition of STING‐triggered NF‐κB
activation is related to its HPV pathogenicity but not
to Rb binding

To investigate the correlation between HPV pathogenicity and cGAS‐

STING pathway antagonism by E7, we constructed low pathogenic
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(A)

(B) (C)

F IGURE 1 HPV18 E7 selectively antagonizes cGAS‐STING‐triggered NF‐κB activation but not IRF3 activation. (A, B) Schematic diagram of
IRF3‐Luc, NF‐κB‐Luc, NFKBIA‐Luc, CXCL8‐Luc, and IFNβ‐Luc constructs. HEK293T cells were transfected with IRF3‐Luc/NF‐κB‐Luc/NFKBIA‐
Luc/CXCL8‐Luc/IFNβ‐Luc, pRL‐TK Renilla, Myc‐cGAS and STING‐Flag in the presence or absence of HPV18 E7. (A) Promoter activities and
(B) protein expressions were analyzed using a luciferase reporter assay and immunoblotting, respectively. (C) HEK293T cells were transfected with
Myc‐cGAS and STING‐Flag in the presence or absence of HPV18 E7. Total mRNA was extracted and analyzed by RT‐qPCR to determine the
transcription levels of the indicated genes. Statistical significance was determined using a two‐sided unpaired t‐test (*p < 0.05; **p < 0.01; NS, not
significant). The results are shown for N = 3 independent experiments. cGAS‐STING, GMP–AMP synthase‐stimulator of interferon gene; NF‐κB,
nuclear factor kappa‐light‐chain‐enhancer of activated B cells; RT‐qPCR, reverse‐transcription quantitative polymerase chain reaction.

HPV6 E7 and HPV11 E7 expression vectors. Compared with HPV18 E7,

HPV6 E7 and HPV11 E7 did not significantly inhibit STING‐triggered

NF‐κB activation (Figure 3A,B). Furthermore, coimmunoprecipitation

experiments showed that HPV18 E7, but neither HPV6 E7 nor HPV11

E7, binds to STING (Figure 3C). This indicated that the role of E7 in

STING inhibition is related to HPV pathogenicity. High‐risk E7, but not

low‐risk E7, interacts with STING and inhibits STING‐triggered NF‐κB

activation. Additionally, to evaluate whether the HPV18 E7 LXCXE motif

is important for STING‐triggered NF‐κB signaling inhibition, we

introduced conservative mutations into this motif (Leu‐Leu‐Cys‐His‐

Glu to Val‐Leu‐Ser‐His‐Asp) in HPV18 E7, which is known to disrupt Rb

binding (Figure 3D). Interestingly, both wild‐type and mutant HPV18 E7

bound to STING and inhibited STING‐triggered NF‐κB activation

(Figure 3E−G). Our findings demonstrate that the mechanism by which

HPV18 E7 inhibits the cGAS‐STING pathway is different from that by

which HPV18 E7 disrupts the Rb pathway.

3.4 | Convergent evolution of HPV18 E7,
SARS‐CoV‐2 ORF3a, HIV‐2 vpx, and KSHV vIRF1:
Selective antagonism of host innate immunity

Our previous studies revealed that SARS‐CoV‐2 ORF3a and HIV‐2/

SIV Vpx interact with STING and specifically inhibit cGAS‐STING‐

mediated NF‐κB signaling but not IRF3 signaling.19,20 Herein, we

identified that HPV18 E7, SARS‐CoV‐2 ORF3a, and HIV‐2 Vpx

inhibited STING‐triggered NF‐κB activation but not IRF3 activation.

Conversely, KSHV vIRF1 inhibited STING‐triggered IRF3 activation

but not NF‐κB activation (Figure 4A−D). It is a universal evolutionary

phenomenon that different viral proteins bind to different regions of

STING (Figure 4E and Supporting Information: Figure 6) and

selectively antagonize STING‐triggered innate immune activation,

suggesting convergent evolution of HPV18 E7, SARS‐CoV‐2 ORF3a,

HIV‐2 Vpx, and KSHV vIRF1 in antagonizing host innate immunity

(Figure 4F).

4 | DISCUSSION

Viruses have been central to modern cancer research and have

provided profound insights into both the infectious and noninfectious

causes of cancer. The cGAS‐STING pathway is an intracellular sensor

that activates the interferon pathway in response to viral infection

and, thus, mediates the host's defense against a range of DNA and

RNA viruses.5,6 However, HPV18 E7 is an antagonist of the cGAS‐

STING pathway and interacts with STING to suppress IFNβ

production.15 STING recruits TANK‐binding kinase 1 (TBK1) and IκB

kinase (IKK) to trigger downstream IRF3 and NF‐κB activation,

4 of 8 | LOU ET AL.



respectively.2,3 Herein, we observed that HPV18 E7 selectively

antagonizes STING‐triggered NF‐κB activation, but not IRF3 activa-

tion, in HEK293T, HeLa and EA.hy926 cells, indicating that IFNβ

inhibition is credited to NF‐κB element suppression (Figure 1 and

Supporting Information: Figure 1−3). Mechanistically, we revealed

that the STING 318–343 amino acid region, which is critical for

NF‐κB activation, is required for the interaction between STING and

HPV18 E7. HPV18 E7 binds to STING in this region and blocks the

nuclear accumulation of p65, but not IRF3, to specifically inhibit

NF‐κB signaling (Figure 2 and Supporting Information: Figure 5).

HPV18 is a high‐risk HPV type responsible for most cervical

cancers, whereas HPV6 and 11 are prototypical low‐risk types.7–9

Both high‐ and low‐risk HPV E7 proteins can interact with Rb.13 Our

results indicated that high‐risk E7, but not low‐risk E7, interacts with

STING and inhibits STING‐triggered NF‐κB activation (Figure 3). E7

inhibits STING‐triggered NF‐κB activation and is associated with HPV

pathogenicity. Moreover, E1A and E7 oncoproteins bind to and

inhibit the Rb tumor suppressor pathway via the LXCXE protein

motif.12 Although the E1A LXCXE motif is necessary for antagonizing

cGAS‐STING activation,15 whether the LXCXE motif of E7 is

important for E7‐STING interaction remians unknown. We found

that both wild‐type and mutant HPV18 E7 oncoproteins inhibited

STING‐triggered NF‐κB activation and prevented STING binding

(Figure 3), suggesting that the mechanism by which HPV18 E7

inhibits the cGAS‐STING pathway is different from that by which

HPV18 E7 disrupts the Rb pathway. A better understanding of the

interaction between the DNA tumor virus oncoprotein HPV18 E7

and the cGAS‐STING pathway of human host innate immunity will

contribute to the prevention and treatment of HPV‐induced cervical

carcinomas.

Broadly, convergent evolution is when two or more organisms

from different ancestors evolve similar morphological characteristics

or structures as a consequence of similar adaptive pressures.

Interestingly, HPV18 E7, SARS‐CoV‐2 ORF3a, and HIV‐2 Vpx

inhibited STING‐triggered NF‐κB but not IRF3 activation, whereas

KSHV vIRF1 inhibited STING‐triggered IRF3 but not NF‐κB activa-

tion, suggesting that different viral proteins bind to different regions

of STING and selectively antagonize STING‐triggered innate immune

(A) (B)

(C) (D)

F IGURE 2 HPV18 E7 binds STING in a unique region and blocks the nuclear accumulation of p65 to inhibit NF‐κB signaling. (A) Schematic of
the STING truncation constructs and functions of IRF3/NF‐κB activation. (B) HEK293T cells were transfected with Myc‐cGAS, HPV18 E7 and
wild type or truncated STING‐Flag, as indicated. Coimmunoprecipitation analysis was performed as described above. (C) Immunofluorescence
staining of endogenous HPV18 E7 and STING in HeLa cells was carried out and followed by laser scanning confocal microscopy. The results
were analyzed with ImageJ software to identify colocation of STING and HPV18 E7. (D) HEK293T cells were transfected with Myc‐cGAS and
STING‐Flag in the presence or absence of HPV18 E7. The nuclear (N) and cytoplasmic (C) fractions were separated and analyzed using
immunoblotting. The results are shown for N = 3 independent experiments. NF‐κB, nuclear factor kappa‐light‐chain‐enhancer of activated
B cells; STING, stimulator of interferon gene.
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(A) (B)

(C)

(D)

(E)

(F) (G)

F IGURE 3 E7 inhibition of STING‐triggered NF‐κB activation is related to its HPV pathogenicity, but not to Rb‐binding. (A) HEK293T cells were
transfected with NF‐κB‐Luc, pRL‐TK Renilla, Myc‐cGAS, and STING‐Flag in the presence or absence of different pathogenic HPV E7 plasmids, as
indicated. NF‐κB promoter transactivation and protein expression were analyzed. (B–C) HEK293T cells were transfected withMyc‐cGAS and STING‐Flag
in the presence or absence of different pathogenic HPV E7 plasmids, as indicated. (B) Total mRNA was extracted and analyzed using RT‐qPCR to
determine the transcription levels of the indicated genes. (C) Co‐immunoprecipitation analysis was performed. (D) Sequences of HPV18 E7 containing the
LXCXE motif (wild type and mutant). (E) HEK293T cells were transfected with NF‐κB‐Luc, pRL‐TK Renilla, Myc‐cGAS, and STING‐Flag in the presence or
absence of HPV18 E7 or its LXCXE motif mutant, as indicated. Promoter activities and protein expression were analyzed using a luciferase reporter assay
and immunoblotting, respectively. (F–G) HEK293T cells were transfected with Myc‐cGAS and STING‐Flag in the presence or absence of HPV18 E7 or its
LXCXE motif mutant, as indicated. (F) Total mRNA was extracted and analyzed using RT‐qPCR to determine the transcription levels of the indicated
genes. (G) Coimmunoprecipitation analysis was performed. Statistical significance was determined using two‐sided unpaired t‐tests (*p<0.05; **p<0.01;
NS, not significant). The results are shown for N=3 independent experiments. mRNA, messenger RNA; NF‐κB, nuclear factor kappa‐light‐chain‐enhancer
of activated B cells; RT‐qPCR, reverse‐transcription quantitative polymerase chain reaction; STING, stimulator of interferon gene.

activation (Figure 4). The sequences and evolution of these viral

proteins are very different and only distantly related; however, during

the long process of viral evolution, the function of antagonizing the

cGAS‐STING pathway was selected. Therefore, these viruses appear

to have evolved convergently. Consequently, selective antagonism of

host innate immunity is a widespread function of DNA viruses, RNA

viruses, and retroviruses and has been an important survival skill for

viruses throughout evolution.
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