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Abstract

Ovarian cancer is the sixth most prevalent cancer in women and the most lethal of the gynecologic 

malignancies. Treatments have comprised the use of immunotherapeutic agents as well as 

oncolytic viruses, with varying results for reasons that remain to be clarified. To better understand 

the mechanisms which may help predict treatment outcome, we have evaluated innate immune 

signaling in select ovarian cancer cell-lines, governed by the Stimulator of Interferon Genes 

(STING) which controls self or viral DNA triggered cytokine production. Our results indicate that 

STING dependent signaling is habitually defective in majority of ovarian cancer cells examined, 

frequently through the suppression of STING and/or the cyclic dinucleotide (CDNs) enzyme 

Cyclic GMP-AMP synthase (cGAS) expression, by epigenetic processes. However, STING-

independent, dsRNA activated innate immune cytokine production, which require RIG-I/MDA5, 

were largely unaffected. Such defects enabled ovarian cancer cells to avoid DNA-damaged-

mediated cytokine production which would alert the immunosurveillance system. Loss of STING 

signaling also rendered ovarian cancer cells highly susceptible to viral oncolytic γ34.5 deleted-

HSV1 (Herpes simplex virus) infection in vitro and in vivo.
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Introduction

Cancer is an important world public health problem and ovarian cancer is the sixth most 

prevalent cancer in women and the most lethal of the gynecologic malignancies (1-3). 

Approximately 90% of ovarian tumors are epithelial in origin but most carcinomas follow a 

pathway of dissemination that involves intravasation into the bloodstream followed by 
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extravasation at distant tissue sites. After spread to lymphatic system, metastasis occurs by 

dissemination of cancer cells from the primary tumor site into the ascites of the peritoneal 

space, followed by secondary tumor development in abdominal organs (4,5). Current 

standard treatment consists of surgery followed by chemotherapy but more than 65% of 

patients will eventually relapse (6). Thus, there is an urgent need to find more effective 

therapeutic approaches for the treatment of recurrent or drug-resistant ovarian cancer.

Oncolytic DNA and RNA viruses are under evaluation as a cancer therapy and a number of 

clinical trials are in progress, with varying degrees of success (7). The mechanisms 

explaining viral oncolysis remain to be fully evaluated but likely include cellular defects in 

innate immunity and/or translation control, since these molecular flaws confer advantages to 

tumor growth and survival (8-10). Recently, Amgen talimogene laherparepvec (T-VEC) a 

herpes simplex virus type 1 (HSV-1)–based oncolytic viruses engineered to express 

granulocyte-macrophage colony-stimulating factor (GM-CSF), was approved in USA to 

treat advanced melanoma (3, 11-14). However, a lack of prognostic insight into whether a 

particular tumor will respond to select virotherapies is clearly apparent.

Innate immune sensors responsible for detecting microbial infection and generating host 

defense responses are known to comprise the Toll-like receptor (TLR) and the RIG-I/MDA5 

(RLR) pathways (15). The RLR pathway plays a key role in detecting RNA viruses and 

facilitating adaptive immune responses to eradicate such infectious agents (16). Conversely, 

the host has devised alternate ways to detect DNA based microbes such as members of the 

Herpes virus family. For example, the cellular protein referred to as Stimulator of Interferon 

Genes (STING) is now known to control cytosolic DNA induced innate immune signaling. 

STING is the sensor for cyclic dinucleotides species [CDNs], including the 2’-3’cGAMP 

(c[G(2’,5’)pA(3’,5’)p]) produced by a cellular nucleotidyltransferase referred to as cGAS 

(cyclic GMP-AMP synthase) following its association with cytosolic DNA species (17). 

CDNs such as cyclic di-AMP (c-di-AMP) directly generated by intracellular bacteria are 

also potent activators of STING-dependent cytokine production (18,19). Generally, the 

cytosol is a DNA free zone and so innate immune responses can be triggered in the 

cytoplasm by the genomes of invading DNA microbes or even self-DNA leaked from the 

nucleus or possibly mitochondria (17,20). For example, DNA damage is known to cause the 

leakage of chromatin into the cytosol and even create cytoplasmic micronuclei, which are 

capable of activating STING signaling. When stimulated with dsDNA, STING rapidly 

undergoes translocation from the endoplasmic reticulum (ER), along with TBK1, to 

perinuclear-associated endosomal regions, containing NF-kB and IRF3 that translocate to 

nucleus and activate type I interferon responses (21,22). STING signaling has been shown to 

be essential for protecting cells against a variety of pathogens and likely plays a key role in 

sensing DNA damage and for producing cytokines that alert the immune system to the 

damaged location (23). STING has further been described as playing an essential role in 

type I IFN-dependent and activation of cytotoxic T cell anti-tumor responses (24,25).

Our group recently shown that innate immune signaling mediated by STING is impaired in 

colon cancer cells as well as melanoma (9,10). Possibly, these events may enable tumor cells 

to escape DNA-damage activated immune responses, as described. In many cases, this 

inhibition occurred by silencing STING and/or cGAS through processes involving 
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epigenetic hypermethylation. Suppression of STING signaling may be a key requirement for 

tumor cell escape and for the development of malignant disease. Paradoxically, these same 

defects in STING signaling may render cancer cells highly susceptible to oncolytic viral 

infections (9,10). Therefore, the analysis of STING expression in different types of cancers 

may shed light into the causes of malignant disease as well as facilitate the development of 

diagnostic and prognostic tools and new therapies that may help cancer treatment.

In this study, we examined the expression and activation of STING pathway in tumor cells 

established from human ovarian cancers at various stages. Our results indicated that STING 

and/or cGAS was frequently absent the majority of cell lines examined, with concomitant 

loss of cytosolic DNA signaling and cytokine production. In contrast, the majority of ovarian 

cancer lines were readily able to produce cytokines in response to Poly(I:C), indicating that 

RLR pathway was intact. Defects in STING signaling also facilitated HSV1Δγ34.5 (γ34.5 

deleted-HSV1) infection. Collectively, our data indicates that the STING pathway is 

suppressed in a majority of ovarian cancers and these defects render cancer cells more 

susceptible to oncolytic virus treatment. Thus, evaluating the expression levels of both 

STING and cGAS may provide a better prognostic assay that could help predict the outcome 

of oncoviral therapy in ovarian cancer and others.

Material and Methods

Materials

All reagents were from Invitrogen, Thermo Fisher Scientific or Sigma-Aldrich unless 

specified.

Cell culture and treatments

Normal human ovarian surface epithelial cells (HOSE) and human ovarian cancer cell lines 

(ES2, OVCAR3 and SK-OV-3) were purchased from and authenticated by Lonza and ATCC, 

respectively. Dr. Xiang-Xi Xu kindly provided other ovarian cancer cell lines (A1847, 

A2780, OVCAR4, OVCAR5, OVCAR8, OVCAR10, PEO1 and UPN251) (Supplementary 

Table S1) (26). HOSE was cultured in their appropriate growth media from Lonza and 

ovarian cancer cell lines in RPMI supplemented with 10% fetal bovine serum. hTERT-BJ1 

telomerase fibroblasts (hTERT) were originally from Clontech and cultured in 4:1 ratio of 

DMEM:Medium 199 supplemented with 10% fetal bovine serum (FBS), 4 mM L-glutamine, 

and 1 mM sodium pyruvate at 37° C in a 5% CO2-humidified atmosphere. dsDNA and 

polyI:C transfection was done with lipofectamine following manufactures instructions. 5-

aza-2’-deoxycytidine (5AZADC) treatment was done at 10 uM for indicate period of time.

Immunoblot analysis

Equal amounts of proteins were resolved on SDS-PAGE and transferred to polyvinylidene 

fluoride (PVDF) membranes (Millipore). After blocking with 5% blotting-grade blocker 

(Bio-Rad) in PBS-T buffer (Phosphate-buffered saline [PBS] with 0.1% Tween 20), 

membranes were incubated with the indicated primary antibodies. Anti-STING rabbit 

polyclonal antibody were prepared as described previously (21). Other antibodies used in 

this paper were as follows: β-actin (Sigma, A5441), phospho-IRF3 (Cell Signaling 
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Technology, 4947), IRF3 (Cell Signaling Technology, 4302), phospho-p65 (Cell Signaling 

Technology, 3031), p65 (Cell Signaling Technology, 3987), phospho-TBK1 (Cell Signaling 

Technology, 5483), TBK1 (Abcam, ab40676), phospho-STAT1 (Cell Signaling Technology, 

9167), STAT1 (Cell Signaling Technology, 14994). The membrane was washed three times 

using PBS-T buffer and then incubated with horseradish peroxidase (HRP)-conjugated anti-

rabbit or mouse immunoglobulin G (IgG) (Promega). After three washes, Super Signal West 

Pico or Femto (Thermo Fisher Scientific) was used to develop the signal, and the 

membranes were exposed to Premium X-ray film (Phenix).

IFNβ ELISA analysis

IFNβ ELISA was performed using the Human IFNβ ELISA Kit (PBL InterferonSource) 

following the manufacturer’s protocol.

Quantitative Real-time PCR (qPCR)

Total RNA was reverse-transcribed using QuantiTect Reverse Transcription Kit (Qiagen) 

following the manufacturer’s instructions. qPCR was performed with the TaqMan gene 

Expression Assay (Applied Biosystems) to analyze the expression of cGAS, IFNβ, 

CXCL10, IFIT1 and CCL5 genes using StepOnePlus real-time PCR system (Applied 

Biosystems). GAPDH was used for normalization.

Immunofluorescence microscopy

Cells were cultured and treated on poly-D-lysine-coated round coverslips (BD Biosciences). 

Cell were fixed with 4% paraformaldehyde/PBS for 15 minutes at 37° C and permeabilized 

with 0.2% Triton X-100/PBS for 10 minutes at room temperature (RT). After blocking with 

10% BSA/PBS for 30 min, the coverslips were incubated with the indicated primary 

antibodies in 4% BSA/PBS overnight at 4° C in a wet chamber. Immunostaining was 

performed with rabbit-anti-STING polyclonal (21), rabbit-anti-IRF3 (Santa Cruz 

Biotechnology), or rabbit-anti-p65 (Cell Signaling). After washing six times with PBS, the 

coverslips were incubated with fluorescence conjugated secondary antibody (Alexa Fluor 

488-goat anti-rabbit IgG) for 2 h at RT in a wet chamber. After washing six times with PBS, 

the coverslips were mounted onto glass slides with ProLong Gold antifade reagent 

(Invitrogen). Images were taken with Leika LSM confocal microscope at the Image Core 

Facility, University of Miami (Miami, FL).

Immunohistochemistry and Histological Analysis

Tissue microarray was purchased from Pantomics. Immunohistochemistry staining was 

performed with cGAS or STING antibody following standard protocol. The score for the 

extent of the IHC-stained area was set as 0 for no IHC signal at all, 1 for <10%, 2 for 10% to 

50%, and 3 for >50% of tumor cells stained. The score for IHC intensity was also scaled as 

0 for no IHC signal, 1 for weak, 2 for moderate, and 3 for strong. The final score used in the 

analysis was calculated by multiplying the extent and intensity score, with a maximum score 

of 9. Staining was considered positive if scored above 3.
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Virus amplification, purification, titration, and infection

HSV1Δγ34.5 was kindly provided by Dr. Bernard Roizman (27). Virus was amplified in 

Vero cells and purified by sucrose gradient ultracentrifugation following standard protocol. 

Plague assay using serial diluted virus was performed in Vero cells following standard 

protocol for virus titration. Normal and ovarian cells were infected with HSV1Δγ34.5 at 

M.O.I (multiplicity of infection) = 1 or 10 for 1 hour, washed, and then incubated with fresh 

medium (DMEM/10% FBS) for 24h. The infected cells were freeze-thawed three times to 

release virus from the cells. Vero cells were incubated with the supernatants from those 

infected cells for 1 h and then cultured in 1% low-melting agarose (Invitrogen)/DMEM/5% 

FBS to avoid a secondary colony. After 48h incubation we removed the overlaid gel and 

fixed/stained the plates with 0.1% crystal violet/30% methanol solution to visualize and 

count plaques. Cell viability was analyzed by trypan blue staining 24 h after infection. 

Ovarian cells were also infected with HSV1 expressing luciferase (HSV-luc), kindly 

provided by Dr. David A. Leib, at M.O.I. 1 or 10 for 24 h, and viral propagation was 

analyzed by luciferase assay (RLU, relative light units).

Mouse treatment

Balb/C nu/nu mice were purchased from Charles River and maintained in the institutional 

Division of Veterinary Resources. All experiments were performed with Institutional Animal 

Care and Use Committee (IACUC) approval and in compliance with IACUC guidelines. 

Tumor cells were introduced in the flanks of Balb/c nude mice by subcutaneous injection of 

2E6 of the appropriate tumor cells and tumors allowed to develop to an average diameter of 

approximately 0.5 cm. HSV1Δγ34.5 was then injected into the tumors every other day for a 

total of 3 times at the appropriate dosage (i.e., 50 μl at 1E8 PFU). PBS was used as vehicle 

control. Effects on tumor growth were monitored every other day using a digital caliper. 

Mice were euthanized when tumor diameter exceeds 10 mm.

Statistical analysis

All statistical analysis was performed by the Student t test unless specified. The data were 

considered to be significantly different when P < 0.05.

Results

Impairment of STING and cGAS expression and activity in ovarian cancer cells

STING signaling has found to be suppressed in a number of cancer types including 

colorectal carcinoma and melanoma (9,10,28), suggesting that this pathway may play an 

important role in helping to prevent cellular transformation. To extend our studies, we 

examined the expression and activation of the STING pathway in 11 cell lines established 

from human ovarian cancer at various stages. We first evaluated STING expression by 

Immunoblot in these cell lines and showed that STING was reduced in 3 of the 11 cell lines 

examined (A1847, A2780 and ES2) (Fig. 1A). However, robust STING signaling requires 

2’3’cGAMP generated by cGAS upon association with cytosolic DNA. Thus, to 

complement this analysis we also examined cGAS expression in the cells and observed that 

the expression of this synthase was diminished in 7 of 11 ovarian cancer cell lines (Fig. 1A). 
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Indeed, some cells had greatly decreased cGAS and STING expression (A1847, A2780 and 

ES2). To complement this approach, we transfected the cells with dsDNA90 to activate 

STING or dsRNA (polyI:C) to activate RIG-I/MDA5 signaling. Using control hTERT cells 

and HOSE (human ovarian surface epithelial) cells, we confirmed that dsDNA90 

transfection was able to induce IFNβ production (Fig. 1B). However, all 11 ovarian cancers 

analyzed responded poorly to dsDNA90-mediated cytokine production. In contrast, 9 of the 

11 ovarian cancer cell lines produced varying levels of type I IFN in response to polyI:C, 

indicating that the RLR pathway is preserved in most of the cases examined (Fig. 1B). We 

noticed that some cells that contained both STING and cGAS were also unresponsive to 

cytosolic DNA (OVCAR4 and PEO1) suggesting that cytosolic DNA signaling may be 

impaired at various points of this pathway (Fig. 1B). A similar profile was observed 

following evaluation of IFNβ and CXCL10 stimulation by qPCR (Fig. 1C and D). Our 

results suggest that the cytosolic DNA induced STING-dependent signaling pathway is 

frequently impaired in ovarian cancer cells, but not dsRNA signaling.

Defective STING signaling in ovarian cancer cells

The presence of cytosolic dsDNA rapidly promotes the translocation of STING from the 

endoplasmic reticulum (ER), along with TBK1, to perinuclear-associated endosomal regions 

containing NF-kB and IRF3 that translocate to nucleus to activate transcription (21). This 

process accompanies the phosphorylation and degradation of STING, probably to avoid 

chronic cytokine production, which could lead to inflammation (21-23). To therefore further 

evaluate where the observed defects in STING signaling occurred, we examined STING 

translocation by immunofluorescence. However, only 4 out of 8 ovarian cancer cells 

exhibited evidence of STING translocation (OVCAR4, OVCAR10, PEO1 and UPN 251) 

(Fig. 2A). Three cell lines exhibited no STING translocation (SKOV3, OVCAR8, OVCAR3) 

after DNA stimulation. This may be explained by the fact that cGAS expression was absent 

in these three cell-lines (Fig. 2D). Thus, STING would not be expected to translocate since 

there would be a lack of CDN’s required to trigger STING trafficking. Moreover, as a 

consequence, STING in these cells did not appear to undergo phosphorylation, as 

determined by immunoblot (Fig. 2D). Previous data has shown that phosphorylation of 

STING occurs after trafficking, typically to negatively regulate STING activity (21,29).

In control hTERT cells, TBK1 and the transcription factors IRF3 and NF-κB (p65 subunit) 

translocated in response to cytosolic DNA and were appropriately phosphorylated (Fig. 2 B, 

C and D). A similar pattern was observed for IRF3 in some of the ovarian cancer cells 

(OVCAR4, OVCAR5, PEO1 and UPN-251) where cGAS and STING expression were 

conserved. However, p65 nuclear translocation was not apparent any of the cell lines 

examined, even in cells where expression of STING and cGAS was evident, for reasons yet 

to be clarified (Fig. 2C). The transcription of type I IFN requires both IRF3 and NF-κB and 

reduced function of either of these factors would perhaps help explain the loss of type I IFN 

production observed in Fig 1. Cytosolic DNA signaling activates STING and invokes the 

phosphorylation of TBK1, which is required to phosphorylate IRF3. In the presence of 

cytosolic DNA, we observed the phosphorylation of TBK1 in cells where IRF3 was also 

concomitantly phosphorylated, as expected (OVCAR4, OVCAR5, PEO1 and UPN-251). 

However residual phosphorylation of TBK1 appeared evident even in the absence of STING 
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or cGAS (A1847, A2780 and ES2) for reasons that also presently remain to be determined 

(Fig. 2D). Possibly, cytosolic DNA may associate with other cellular molecules which could 

influence TBK1 phosphorylation (30,31). However, no phosphorylation or translocation of 

IRF3 was observed in such cells (Fig. 2B and D). This may be due to the absence of STING, 

which is required to facilitate TBK1 trafficking to interact with transcription factor targets 

such as IRF3. Without STING, TBK1 can likely not access IRF3 even when phosphorylated 

by as yet undefined kinases (22). Although cGAS was not detected in OVCAR10 by either 

Immunoblot or qPCR (Fig. 1A), dsDNA stimulated STING signaling (including 

translocation and phosphorylation) was partially preserved, perhaps due to residual cGAS 

activity, not readily evident by this immunoblot analysis. Collectively, our data indicates that 

ovarian cancer cells exhibit a variety of defects in the STING signaling pathway, which 

clearly affects innate immune signaling. This includes loss of STING expression (A1847, 

A2780 and ES2), cGAS expression (SKOV3, OVCAR8, OVCAR3, A1847, A2780 and ES2) 

or loss of STING translocation, perhaps explainable by the absence of cGAS and CDN 

production (SKOV3, OVCAR8, OVCAR3). Loss of cGAS or STING function led to 

diminished IRF3 phosphorylation and translocation (Fig. 2B and D). In addition, all the 

ovarian cancer cells examined exhibited a defect in NF-ĸB translocation, unlike control cells 

(HOSE and hTERT) (Fig 2C). In contrast, IRF3 and NF-ĸB translocation was evident in the 

majority of ovarian cancer cells examined, in response to poly I:C treatment (Fig. 2B and C). 

Thus, these transcription factors are functional in response to RIG-I/MDA5 stimulation. The 

observed defects in IRF3 and NF-ĸB activity therefore appears to be specific for cytosolic 

DNA-mediated innate immune signaling.

Epigenetic suppression of STING and cGAS.

We have previously shown that loss of STING expression involves epigenetic silencing of 

transcription via methylation (9,10). Cytidine analogs such as 5-aza-2’-deoxycytidine 

(5AZADC) (referred to as decitabine) are being evaluated in the clinic as anti-cancer 

treatments since they inhibit the responsible DNA methyltransferases and frequently rescue 

the transcription of tumor suppressors (32). To evaluate whether loss of cGAS or STING 

expression involved hypermethylation of the promoter region, A1847 or ES2 cells, which 

exhibited loss of both cGAS and STING were treated with 5-azadeoxycytidine (5AZADC). 

Cells were then treated with dsDNA to see if the STING signaling pathway was re-activated. 

Immunoblot analysis of treated or untreated cell lysates indicated that cGAS and STING 

expression were rescued after 5AZADC treatment (Fig. 3A). Moreover, in the presence of 

dsDNA, STING signaling was rescued, as shown by TBK-1 phosphorylation, IRF3 

phosphorylation and translocation (Fig. 3A and B), type I IFN and IFIT1 transcription (Fig. 

3C and D). Azacytidine treatment of cells lacking only cGAS (OVCAR3 and SK-OV-3) 

similarly reversed the expression of this synthase. Consequently, STING signaling was 

reconstituted in both OVCAR3 and SK-OV-3 (Supplementary figure 1). Thus, loss of cGAS 

and STING expression can be explained in large part via hypermethylation of the 

corresponding promoter regions.

Patient-derived ovarian cancer exhibits loss of STING cGAS expression.

To extend our analysis, we next examined, by immunohistochemistry (IHC), STING 

expression in additional patient-derived ovarian cancer samples (paraffin-embedded tissue 
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microarray; TMA; OVC1021, Pantomics). Principally, we had noted that STING and/or 

cGAS was observed to be absent in about 54% of the above ovarian cancer cell lines 

analyzed (Fig. 1A). For this study, we analyzed 4 normal ovarian tissues and 94 ovarian 

cancer tissues classified in stages I to III according of tumor severity (Fig. 4). We observed 

that normal ovarian tissue expressed both STING and cGAS, predominantly in ovarian 

surface epithelial cells. However, in stage I, STING and cGAS was observed in only 44% of 

ovarian cancer tissues analyzed (cGAS was absent in 28% of ovarian cancer tissues; STING 

was absent in 17% of tissues; and both STING and cGAS were absent in 11% of tissues). In 

more advanced stages of ovarian cancers, loss of both STING and cGAS were more 

pronounced (50% in stage II~III and 51% in stage III) (Fig. 4). Overall, majority of cancer 

tissues lacked either STING (21%) or cGAS (21%), and 39% of cancer tissues had reduced 

expression of both STING and cGAS (Fig. 4). Thus, IHC analysis of biopsied tissue for 

STING/cGAS expression could plausibly provide an assay which may help predict disease 

outcome in the future, or the response to therapies currently being used to treat ovarian-

related malignant disease.

Cancer cells with defective STING-signaling are susceptible to viral oncolysis

Loss of STING signaling has been shown to impede DNA-damage induced cytokine 

production which may plausibly allow tumor cells to escape the immunosurveillance system 

(33). In addition, we have previously found evidence that loss of STING signaling may 

render cells extremely susceptible to infection by DNA microbes, such as Herpes simplex 

virus (HSV) (21,29). HSV1 is composed of approximately 375 Kb dsDNA90 and has been 

evaluated in clinical trials as a therapeutic agent for the treatment of cancer (34-36). The 

oncolytic herpes virus referred to as T-Vec (Imlygic, talimogene laherparepvec) was recently 

approved in the USA to treat advanced melanoma (13). Oncolytic viruses have also been 

used to treat ovarian cancer (12). Based on our knowledge that STING is required for 

effective host defense against HSV1 infection, we previously observed that colorectal 

carcinoma and melanoma cells with defective STING signaling were sensitive to viral 

oncolytic therapy (9,10). Given this, we investigated whether ovarian cancer cell lines 

lacking STING signaling would also respond favorably to viral oncolytic therapy. First, we 

infected or hTERT control cells or a variety of ovarian cancer cells with HSV1Δγ34.5. 

Infected cell protein (ICP) λ34.5 inhibits innate immune signaling and cellular translation 

and HSV1 strains lacking this protein do not replicate efficiently or lyse normal cells due to 

host defense counter measures being able to impede viral replication (27,37). γ34.5 deleted-

HSV1 does not repress innate immune signaling and potently triggers STING-dependent 

innate immune response, including type I IFN production and other cytokines (38). T-Vec, 

presently being used in the clinic also lacks γ34.5 and is similar to the HSV1 used in our 

studies. Tumor cells, in contrast, remain sensitive to HSV lacking γ34.5 (HSV1Δγ34.5), 

likely due to defects in anti-virus countermeasures. Given our data, one plausible 

explanation would be that tumor cells with defective STING signaling are sensitive to 

HSV1Δγ34.5, while those with intact signaling may be more refractory. Thus, an analysis of 

STING/cGAS expression in patient tumor biopsies may help predict treatment outcome to 

certain oncolytic viral therapies.
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This study indicated that HSV1Δγ34.5 infection activated pIRF3 and pSTAT1, with some 

cytokine production (IFIT1) only in hTERT control cells and ovarian cancer cells 

(OVCAR5, OVCAR8 and PEO1) that expressed STING and cGAS (Fig. 1A and Fig. 5A). 

Our data confirms low level type I IFN production and other select cytokines such as CCL5 

in the ovarian cancer lines examined (Fig. 5 B and D), and correlates with a lack of dsDNA-

dependent STING activity observed in Figure 1. Nevertheless, in cells where IRF3 was 

activated, IFIT1 levels were also observed to be high (Fig 5.A and C). However, alternate 

cancer lines that exhibited some response to dsDNA mediated IRF3 phosphorylation 

(UPN-251 and OVCAR10; Fig. 2D) failed to robustly exhibit IRF3 phosphorylation 

following infection with HSV1Δγ34.5 (Fig. 5A). Surprisingly, an analysis of viral 

replication indicated that HSV1Δγ34.5 failed to replicate efficiently in these cells (UPN-251 

and OVCAR10) (Fig. 6A and B; arrows). Thus, it is possible that a failure to efficiently 

replicate, for reasons that remain unclear, could explain a lack of STING-triggered innate 

IRF3 activation (Fig. 5A-D). Several other cell-lines exhibited low level HSV1Δγ34.5 

replication (OVCAR8, OVCAR10, PEO1, UPN-251, SKOV-3) (Fig. 6A and B). Generally, 

these cells contained some IRF3 activity but a lack of NF-kB activity (Fig. 2 C and D). 

Perhaps as a consequence, lack of viral replication was observed to correlate with low levels 

of cellular lysis following infection (Fig. 6C). Significantly, ovarian cancer cells that lacked 

both cGAS and STING (A2780, ES2) enabled efficient viral replication, as determined by 

plaque assay, plausibly since these cells had severely defective innate immune activity (Fig. 

6A and B; boxed). Cell viability was also noted to be less than 10% for cells lacking both 

STING and cGAS (A2780, ES2, A1847) (Fig. 6C; boxed). Although high HSV1Δγ34.5 titer 

was not detected from infected A1847 cells, defected in STING signaling, this cell-line was 

highly susceptible to HSV1Δγ34.5 infection and more than 70% of the cells succumbed to 

HSV1Δγ34.5 infection within 24 hours (Fig. 6A and C). We infected all the ovarian cell 

lines with HSV1 expressing y34.5 (HSV-luc) and analyzed the infection by luciferase assay 

(Supplementary figure 2). HSV-luc was able to infect both cells expressing STING/cGAS 

and deficient cells. UPN-251, that express both STING and cGAS, presents significant 

higher HSV-luc infection. This data suggests that STING/cGAS pathway cannot efficiently 

control non-deficient HSV replication. However, ovarian cancer cells exhibiting loss of both 

cGAS and STING were highly sensitive to HSV1Δγ34.5 replication and viral oncolysis. 

Thus, assays able to measure cGAS and STING expression in biopsied samples may be of 

some use in possibly predicting the outcome of select viral oncolytic therapy.

To evaluate whether 5AZADC treatment could rescue the activation of STING signaling 

following HSV1Δγ34.5 infection, we treated three different cell lines (A1847, OVCAR3 

and SK-OV-3) for 4 days with 5AZADC. cGAS expression was rescued in all cell-lines 

treated (Supplementary Fig. 3). We were able to detect pIRF3 phosphorylation 

predominantly in treated OVCAR3 and SK-OV-3 cells. This was reflected in observing an 

increase in IFIT1 expression following virus infection. Thus, further evaluation of the 

consequences of rescuing STING signaling on viral replication and ultimately oncolysis is 

warranted.
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In vivo analysis of cancer cells with defective STING-signaling responses to oncolytic 
therapy

Our results indicate that ovarian cancer cells with defective STING signaling, especially loss 

of both cGAS and STING expression, are highly susceptible to HSV1Δγ34.5 infection in 
vitro. To evaluate whether cells lacking cGAS and STING are also more sensitive to 

HSV1Δγ34.5 oncolysis in vivo, we subcutaneously inoculated nude mice with ovarian 

cancer cells with OVCAR5 (cGAS/STING positive, exhibiting some cytokine activity 

following infection) or ES2 (STING and cGAS negative that were sensitive to HSV1Δγ34.5 

replication [Fig. 5]). HSV1Δγ34.5 was then administered intratumorally and tumor growth 

was monitored (Fig. 7A). Our data indicated that OVCAR5 cells responded poorly to 

HSV1Δγ34.5 oncolytic treatment (Fig. 7B). This would be consistent with the moderate 

viral cytopathic effect we observed in vitro on OVCAR5 cells. In contrast, tumors derived 

from ES2 cells (lacking both STING and cGAS expression) were noted to show significant 

decrease in tumor size following HSV1Δγ34.5 oncolytic treatment (Fig. 7C). ES2 tumor 

volumes decreased rapidly following HSV1Δγ34.5 treatment and three out of five tumors 

completely disappeared 2 weeks after treatment. In contrast, in PBS treated mice, tumors 

developed aggressively and the animals had to be euthanized within 3 weeks following 

tumor injection. These data correlate with in vitro findings and indicate that defects in 

STING pathway may help predict the efficacy of oncolytic DNA based virotherapy for 

ovarian and other types of cancer.

Discussion

Ovarian cancer is amongst the most lethal of the gynecologic malignancies, compounded by 

patient diagnosis frequently occurring at advanced stages of disease, precipitous metastasis 

appearing in the peritoneal cavity, and resistance to established chemotherapy and 

immunotherapy (4,39). To better understand the causes, with a focus on understanding 

innate immune regulation, we have started to examine the activity of the STING signaling 

pathway in such cancers (9,10). Compounds that stimulate STING signaling have been 

shown to exert potent anti-tumor activity since STING activated cytokine production is 

essential for the generation of robust anti-tumor T cell responses (25,40). Loss of STING 

signaling has been shown to prevent DNA damage-mediated cytokine production which 

likely helps tumor cells escape the immunosurveillance system (9,33). Loss of STING 

signaling may also help to explain resistance to radiation therapy (24,41-43). Our data 

indicates that the majority of ovarian cancer cells exhibited loss of STING-dependent 

cytosolic DNA triggered cytokine production. However, the dsRNA-dependent innate 

immune pathway, predominantly controlled by the RLR pathway was largely intact. cGAS 

was absent in approximately 64% (7/11) of the cell lines examined, among which 43% (3/7) 

lacked both STING and cGAS expression.

The suppression of cGAS/STING expression commonly occurred through epigenetic 

silencing of the promoter regions, as determined through being able to rescue expression 

using demethylating agents. It is tempting to speculate that the clinical efficacy of epigenetic 

modifiers presently being used in the clinic may exert their influence, in part, through 

reconstitution of the STING signaling pathway. The resurrection of STING signaling may 
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generate cytokines that could facilitate anti-tumor immune responses and perhaps improve 

radiation and chemotherapeutic treatment (24,41-43). A key observation in the ovarian 

tumor cells was loss of NF-kB activity in response to cytoplasmic dsDNA signaling, even in 

samples that exhibited cGAS and STING expression. However, NF-kB activity occurred in 

response to RNA-triggered immune responses. Thus, the defect in NF-kB activity was again 

STING-dependent, for reasons that presently remain unclear. IRF3 activity was noted to 

function in some of the cell-lines in a STING dependent manner and was likely responsible 

for of the gene induction observed in some of the cell-lines. However, IRF3 did not function 

in the majority of the cell lines, in response to cytosolic DNA treatment (while IRF3 did 

function in response to dsRNA signaling). Curiously, TBK1 phosphorylation was seen in 

cells that lacked cGAS and STING, although such cells did not exhibit IRF3 or NF-kB 

activity. Possibly, other DNA-triggered pathways may influence these events (30,31). Since 

both NF-kB and IRF3 activity are required for efficient type I IFN production, loss of 

function of one of these transcription factors may help explain a defect in IFN production. 

Collectively, our data demonstrates selective defects in cytosolic DNA but not RNA-

dependent innate immune signaling in ovarian cancer cells. The mechanisms of suppression 

involve epigenetic silencing of cGAS and STING expression and loss of NF-kB activity. Our 

study also included screening a panel of primary patient ovarian cancer tissues classified in 

stages I to III according of tumor severity. STING or cGAS expression was found to occur in 

all stages of human ovarian cancer, though was more pronounced in advanced stages. We 

thus conclude that STING signaling is frequently suppressed in ovarian cancer. This may 

enable such cells to escape the immunosurveillance system as described. Our findings may 

also help explain resistance to radiation treatment and plausibly immunotherapy (24,41-43). 

Thus, the analysis of STING/cGAS expression in clinical tumor samples could help to 

predict tumor severity and treatment outcome in the future.

STING controls key innate immune responses triggered by dsDNA, comprising the genome 

of DNA microbes including DNA viruses such as HSV1 or bacteria, as well as self-DNA 

leaked from the nucleus of DNA damaged cells (18,19,21,29). Thus, we postulated that 

given our findings, cancer cells with defective STING signaling may be more susceptible to 

oncolytic DNA viruses, such as HSV1Δγ34.5 (9,10). The first oncolytic herpes virus based 

therapeutic, T-Vec (IMLYGIC®, talimogene laherparepvec - Amgen) was recently approved 

in USA to treat advanced melanoma. IMLYGIC has been genetically modified and has lost 

the γ34.5 gene, though expresses GM-CSF (3,13). Our results indicated that HSV1Δγ34.5 

preferentially replicated in ovarian cancer cells that lost STING function. However ovarian 

cancer cells with loss of both cGAS and STING expression that exhibited no IRF3 or NF-kB 

activity in response to cytosolic DNA were highly susceptible to viral oncolysis. Therefore, 

evaluating the expression levels of STING/cGAS in biopsied specimens may help improve 

response rates to virotherapy.

The importance of both intrinsically (tumor cells) and extrinsically (antigen presenting cells 

- APC’s) activated STING-dependent cytokine production in controlling anti-tumor 

immunity is becoming increasingly evident. For example, the therapeutic intratumoral 

administration of CDNs repress tumor growth, presumably through direct activation of 

STING in the tumor microenvironment leading to dendritic cell-dependent CTL production, 

is being evaluated in Phase I trials (25,44,45). STING signaling may also play a role in 
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facilitating the anti-tumor effects of checkpoint inhibitors such as PD-1 (46,47). The 

immunological effects of chemotherapeutic agents such as cisplatin and etoposide are likely, 

in part, related to the STING-signaling pathway. Such drugs cause DNA leakage into the 

cytosol to trigger STING signaling intrinsically (10,48). Recent studies have demonstrated 

that STING signaling is also essential for efficient radiation therapy, which exerts its 

immunostimulatory effects predominantly through augmenting STING activity (24,41-43). 

Thus, loss of this extrinsic STING activity in APC’s may prevent anti-tumor 

immunotherapeutic efficacy. In this manuscript, we focused on the importance of intrinsic 

STING activity in tumor response to oncolytic viral therapy. As we show, functional 

intrinsic STING signaling in a tumor cell impedes the effectiveness of viral replication and 

oncolytic activity. Conversely, in cells lacking STING signaling, greater oncolytic activity is 

observed. This may provide a larger amount of tumor cell lysate for engulfment and antigen 

cross-presentation for T-cell priming, which is dependent on extrinsic STING (49). Possibly, 

viral oncolytics used in conjunction with checkpoint inhibitors could provide a powerful 

immuno-therapeutic strategy. In conclusion, a better comprehension of STING signaling in 

cancer may provide reliable prognosis and improved accuracy in predicting disease outcome 

as well as responses to cancer treatments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Implications:

STING signaling evaluation in tumors may help predict disease outcome and possibly 

dictate the efficacy of oncoviral and other types of cancer therapies.
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Figure 1. 
STING-mediated dsDNA-induced innate immune activation is impaired in the majority of 

human ovarian cancer cell lines. A, Immunoblot of STING and cGAS in hTERT fibroblasts, 

normal human ovarian surface epithelial (HOSE) and a series of human ovarian cancer cell 

lines. cGAS expression was also analyzed by qPCR (bottom). B, ELISA analysis of human 

IFNβ production in the media of cells (same as in A) transfected with 3 μg/ml polyI:C or 

dsDNA90 or mock transfected for 16 hours. C, qPCR analysis of human IFNβ expression in 

cells (same as in A) transfected with 3 μg/ml polyI:C or dsDNA90 or mock transfected for 6 

hours. D, qPCR analysis of human CXCL10 expression in cells (same as in C). Data are 

representative of at least two independent experiments. Error bars indicate SD. *p < 0.05, 

**p < 0.01, and ***p < 0.001; Student’s t test.
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Figure 2. 
dsDNA-induced STING signaling pathway is defective in human ovarian cancer cell lines. 

A, Immunofluorescence microscopy analysis of STING translocation in normal and human 

ovarian cancer cell lines transfected with 3 μg/ml dsDNA90 or polyI:C or mock transfected 

for 3 hours. B, Immunofluorescence microscopy analysis of IRF3 translocation in normal 

and human ovarian cancer cell lines. C, Immunofluorescence microscopy analysis of p65 

translocation in cells (same as in B). D, Immunoblot analysis of STING signal activation in 

cells (same as above) transfected with 3 μg/ml dsDNA90 for the indicated time periods.

de Queiroz et al. Page 18

Mol Cancer Res. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
DNA demethylation recapitulated STING and cGAS expression in human ovarian cancer 

cell lines. A, Immunoblot analysis of STING signal activation in ovarian cancer cells mock 

or treated with 10 μM 5-aza-2’-deoxycytidine (5AZADC) for 4 days, followed by dsDNA90 

transfection at 3 μg/ml for the indicated time periods. B, Immunofluorescence microscopy 

analysis of IRF3 translocation in ovarian cancer cells treated with 5AZADC (same as above) 

followed by dsDNA90 transfection at 3 μg/ml for 3 hours. C, Ovarian cancer cells mock 

treated or treated with 10 μM 5AZADC for 4 days, followed by dsDNA90 transfection at 3 

μg/ml for 6 hours. human IFN-β expression was analyzed by qPCR. D, qPCR analysis of 

human IFIT1 expression in ovarian cancer cells (same as in C). Data are representative of at 

least two independent experiments. Error bars indicate SD. *p < 0.05, **p < 0.01, and ***p 

< 0.001; Student’s t test.
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Figure 4. 
STING and cGAS expression were suppressed in high percentage of human ovarian cancer. 

IHC analysis of STING and cGAS in 98 human ovarian TMA containing normal/benign and 

cancer tissues. Representative images of normal human epidermal and human ovarian cancer 

tissues stained for STING and cGAS. Images are shown at 200x. Bar size, 50 μm. STING 

and cGAS expression status is summarized and shown in the bottom.
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Figure 5. 
DNA virus infection (HSV1Δγ34.5) does not activate tipe I IFN response in STING/cGAS-

deficient cells. A, Normal and human ovarian cancer cell lines were infected with 

HSV1Δγ34.5 at M.O.I. 10 for 1 hour and analysed 4 hours post infection by immunoblot 

(pSTAT1, STAT1, pIRF3, IRF3 and β-actin). Same cells as above were infected with 

HSV1Δγ34.5 at M.O.I. 1 for 1 hour and samples collected 6 hours post infection to check 

RNA expression by qPCR for IFNβ (B), IFIT1 (C) and CCL5 (D). Data are representative 

of at least two independent experiments. Error bars indicate SD. *p < 0.05, **p < 0.01, and 

***p < 0.001; Student’s t test.
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Figure 6. 
STING signal defect leads ovarian cancer cells more susceptible to HSV1Δγ34.5. Normal 

human hTERT cells and human ovarian cancer cell lines were infected with HSV1Δγ34.5 at 

the M.O.I. 1 (A) or M.O.I. 10 (B) for 1 hour and titration of HSV1Δγ34.5 was analyzed by 

standard plaque assay in Vero cells 24 hours later. (C) Cells (same as in A) were infected 

with HSV1Δγ34.5 at M.O.I. 1 and 10 for 1 hour, and cell viability was analyzed by trypan 

blue staining 24 hours later. Data are representative of at least two independent experiments.
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Figure 7. 
Increased HSV1Δγ34.5 oncolytic effect was observed in ovarian cancer cells with impaired 

STING signal in vivo. A, Scheme of HSV1Δγ34.5 treatment on a xenograft tumor in nude 

mice. B-C, The indicated xenograft tumors were generated in the right flank of nude 

BALB/c mice. When tumors reached 5 mm in diameter, they were injected every other day, 

for a total of three times, with 1E8 PFU HSV1Δγ34.5 in 50 μl PBS or 50 μl PBS only, and 

tumor growth was measured every other day. Statistical analysis was carried out comparing 

the two treatment groups at the last time point using the unpaired Student’s t test. p values 

are as indicated.
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