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Abstract

Detection of intracellular DNA by the cGAS-STING pathway activates a type I interferon-

mediated innate immune response that protects from virus infection. Whether there are additional 

DNA sensing pathways, and how such pathways might function, remains controversial. We show 

here that humans – but not laboratory mice – have a second, potent, STING-independent DNA 

sensing pathway. We identify human DNA-PK as the sensor of this pathway and demonstrate that 

DNA-PK kinase activity drives a robust and broad antiviral response. We show that the E1A 

oncoprotein of human adenovirus 5 and the ICP0 protein of herpes simplex virus 1 block this 

response. We discover heat shock protein HSPA8/HSC70 as a target for inducible phosphorylation 

in the DNA-PK antiviral pathway. Finally, we demonstrate that DNA damage and detection of 

foreign DNA trigger distinct modalities of DNA-PK activity. These findings reveal the existence, 

sensor, a specific downstream target, and viral antagonists of a STING-independent DNA sensing 

pathway (SIDSP) in human cells.
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Introduction

The cGAS-STING DNA sensing pathway has emerged as a key component of the innate 

immune response that is important for antiviral immunity (1), contributes to specific 

autoimmune diseases (2), and mediates important aspects of antitumor immunity (3). cGAS 

binds to double-stranded DNA and catalyzes the formation of cyclic GMP-AMP (cGAMP) 

(4, 5), a diffusible cyclic dinucleotide that activates the endoplasmic adaptor protein STING 

(6). Activated STING then serves as a platform for the inducible recruitment of the TBK1 

kinase, which phosphorylates and activates the transcription factor IRF3, leading to the 

induction of the type I interferon mediated antiviral response (7).

Nearly all studies on the cGAS-STING pathway involve the use of mice and mouse cells. 

Knockouts of cGAS (Mb21d1) and STING (Tmem173) have clearly demonstrated that both 

are essential for the transcriptional and cell biological responses to foreign intracellular 

DNA, and that they mediate the pathology of specific autoimmune diseases (2, 8, 9). 

However, numerous additional sensors of intracellular DNA have been proposed, all of 

which are thought to act upstream of STING (10). Whether STING-independent DNA 

sensing exists is currently unknown.

Here, we report the unexpected finding that the E1A oncogene of human adenovirus 5 

blocks two distinct intracellular DNA sensing pathways in human cells: the well-known 

cGAS-STING pathway (11), and a second, STING-independent DNA sensing pathway 

(SIDSP). We identify the DNA damage response protein DNA-PK as the sensor of the 

SIDSP, along with the heat shock protein HSPA8 as a downstream SIDSP target. We show 

that the SIDSP is potently activated in human and primate cells, but it is weak or absent 

from mouse cells. Our findings demonstrate that human cells have a second DNA sensing 

pathway, with implications for host defense, autoimmunity, and anti-tumor immunity.

Results

Human adenovirus 5 E1A blocks two DNA sensing pathways in human cells

We previously demonstrated that the viral oncogenes of the DNA tumor viruses are potent 

antagonists of the cGAS-STING DNA sensing pathway (11). We sought to define the 

mechanism of this antagonism, focusing on the E1A oncogene of human adenovirus 5, 

which is constitutively expressed in human HEK 293 cells and is responsible for their 

transformation. As shown previously (11), we found that HEK 293 cells mounted a robust 

type I IFN response to RIG-I ligand, but not to transfected calf thymus (CT) DNA, and that 

CRISPR-mediated disruption of E1A restored the DNA-activated IFN response (Fig. 1A). 

We monitored key early events in the antiviral signaling pathways that are activated by 

cGAS-STING and the RNA-activated RIG-I-MAVS pathways: the activation and 

autophosphorylation of the kinase TBK1, and the subsequent TBK1-dependent 

phosphorylation of the IRF3 transcription factor on several residues that leads to IRF3 

dimerization, nuclear translocation, and transcription of the type I IFN genes (7). In E1A-

expressing control HEK 293 cells, we found that CT DNA transfection resulted in detectable 

phosphorylation of TBK1 on serine 172, but phosphorylation of IRF3 on serine 396 was 

impaired compared to RIG-I ligand-activated IRF3 phosphorylation (Fig. 1B). Disruption of 
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E1A restored DNA-activated IRF3 S396 phosphorylation (Fig. 1B). These data suggested 

that E1A blocks IRF3 activation at a step between TBK1 activation and IRF3 

phosphorylation, leading us to evaluate IRF3 activation more thoroughly. To do this, we used 

an antibody to detect phosphorylation of IRF3 on serine 386, which is essential for IRF3 

dimerization (7). To test for the specificity of the response, we used lentiCRISPR to generate 

clonal lines of STING- and TBK1-deficient HEK 293 cells, validating disruption of the 

genes by DNA sequencing and western blot (Fig. S1). We found that transfection of either 

DNA or the direct STING agonist cGAMP resulted in robust IRF3 S386 phosphorylation in 

E1A-expressing control HEK 293 cells, but IRF3 S396 phosphorylation was impaired (Fig. 

1C). This IRF3 S386 phosphorylation after cGAMP treatment was absent from STING- and 

TBK1-deficient cells, confirming that cGAMP-induced IRF3 activation was both STING- 

and TBK1-dependent. Surprisingly, however, DNA-activated IRF3 S386 phosphorylation 

was intact in both STING-deficient and TBK1-deficient HEK 293 cells (Fig. 1C). Disruption 

of E1A restored both STING-dependent IRF3 S396 phosphorylation in response to cGAMP 

and STING-independent IRF3 S396 phosphorylation in response to DNA (Fig. 1D). These 

data demonstrate that E1A blocks the DNA-activated antiviral response at a late step, after 

initiation of IRF3 phosphorylation but before its completion. Moreover, E1A unexpectedly 

blocks two distinct antiviral responses in HEK 293 cells, one STING-dependent and one 

STING-independent.

A STING-independent DNA sensing pathway (SIDSP) in human cells

To explore these two DNA sensing pathways in more detail, we turned to additional mouse 

and human cell lines. We first confirmed that the type I IFN response to transfected CT DNA 

was STING-dependent in primary mouse fibroblasts at the peak of the response four hours 

post transfection: both DNA- and cGAMP-activated IFN responses were reduced by 99.9% 

at this time point in STING-deficient fibroblasts (Fig. 2A). We generated two independent 

clonal lines of STING-deficient human U937 monocytes, a well-characterized human 

lymphoma cell line (Fig. S2). We transfected these cells with DNA or cGAMP and 

measured IFNB1 transcription by quantitative RT-PCR 16 hours after transfection. As 

expected, both STING-deficient U937 clones failed to respond to cGAMP (Fig. 2B). 

However, DNA transfection of STING-deficient U937 cells activated a potent type I IFN 

response (Fig. 2B). We performed a time course analysis of cGAMP- and DNA-activated 

IFN responses, comparing control U937 cells to STING-deficient cells. Control U937 cells 

responded to both DNA and cGAMP transfection with robust IFNB1 transcription that 

peaked at 8 hours. STING-deficient U937 cells failed to respond to cGAMP, but they 

activated a potent antiviral response to DNA that was delayed by several hours, peaking at 

16 hours with IFNB1 mRNA levels that were indistinguishable from those of control cells at 

this same time point (Fig. 2C). Next, we targeted STING at the population level in non-

transformed, telomerase reverse transcriptase (TERT)-immortalized human fibroblasts (Fig. 

2D). The response to cGAMP was diminished by 90% in these cells, but the response to 

transfected CT DNA was slightly enhanced (Fig. 2E), confirming a STING-independent 

antiviral response to DNA. Finally, we tested whether the antiviral response to DNA was 

dependent on the transcription factors IRF3 and IRF7, which together are essential for the 

IFN response to all other known nucleic acid detection pathways (12). To do this, we used a 

previously described clonal line of IRF3/IRF7 double knockout human THP1 monocytes 
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(13). We found that the potent IFNB1 transcription in response to both DNA and RNA was 

completely IRF3/7-dependent at 16 hours post transfection (Fig. 2F). These findings reveal 

three important points about the DNA-activated antiviral response. First, and consistent with 

dozens of prior studies, the antiviral response to DNA in mouse cells is nearly entirely 

STING-dependent (9). Second, unlike mouse cells, human cells possess a robust STING-

independent DNA sensing pathway that is delayed relative to the cGAS-STING pathway. 

Third, IRF3 and IRF7 are essential for both DNA-activated antiviral responses in human 

cells. Thus, human cells – but not mouse cells – have a robust STING-independent DNA 

sensing pathway (SIDSP).

Using our control and STING-deficient U937 cells to genetically separate the cGAS-STING 

pathway from the SIDSP, we evaluated the structural features of the DNA ligands that 

triggered these pathways. cGAS activation is mediated by its binding to the sugar phosphate 

backbone of double-stranded DNA in a sequence-independent manner (14, 15). Accordingly, 

control U937 cells mounted an equally robust antiviral response to both sheared CT DNA 

and circular plasmid DNA (Fig. 3A). However, STING KO U937 cells responded potently to 

CT DNA but not to plasmid DNA (Fig. 3A). We found that sonication of the plasmid DNA 

prior to transfection restored the IFN response in STING KO U937 cells to levels that were 

identical to those activated by CT DNA (Fig. 3, B and C). Similarly, phosphorylation of 

IRF3 serine 386 in STING KO HEK 293 cells was potently activated by CT DNA, annealed 

100 base-pair DNA oligos (ISD100), and sonicated plasmid DNA, but not by circular 

plasmid DNA (Fig. 3, D and E). Thus, the cGAS-STING pathway and the SIDSP are 

activated by different features of DNA: cGAS detects the backbone of dsDNA, whereas the 

SIDSP detects DNA ends.

Human DNA-PK is essential for the SIDSP

Our finding that the activation of the SIDSP requires exposed DNA ends led us to consider 

two key DNA damage response pathways that are activated by DNA ends: the Ataxia-

Telangiectasia Mutated kinase (ATM) pathway that is important for homology-dependent 

DNA repair, and the DNA-dependent Protein Kinase (DNA-PK) pathway that mediates non-

homologous DNA end joining (NHEJ; (16). We transfected STING KO U937 cells with CT 

DNA in the presence of well-characterized chemical inhibitors of the kinase activities of 

ATM (Ku-60019) (17) or DNA-PK (Nu-7441) (18). Both of these inhibitors reduced the 

DNA-activated phosphorylation of the histone H2AX on serine 139 (γ-H2AX) in a 

concentration-dependent manner, confirming their activity in these cells (Fig. 4A). However, 

we found that the SIDSP was potently blocked by the DNA-PK inhibitor but unaffected by 

the ATM inhibitor (Fig. 4B). Moreover, the DNA-PK inhibitor Nu-7441 blocked the DNA-

activated antiviral response but had no effect on the RNA-activated RIG-I-MAVS pathway 

(Fig. 4C).

We next used lentiCRISPR to simultaneously target U937 cells with guide RNAs targeting 

STING and the catalytic subunit of DNA-PK (DNA-PKcs), which is encoded by the 

PRKDC gene. DNA-PK-targeted cells were severely compromised for growth relative to 

control cells, as has been previously reported (19), but we managed to generate a clonal line 

of U937 cells doubly deficient for STING and DNA-PK, verified by western blot and DNA 
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sequencing, together with a third clonal line of STING KO U937 cells (Figs. 4D and S3). 

Consistent with the chemical inhibitor data, we found that STING/DNA-PK DKO U937 

cells were profoundly impaired in their IFN response to DNA (Fig. 4E).

To test for the activation of the SIDSP in primary, unmanipulated human cells, we turned to 

primary human hepatocytes, which were recently shown to lack expression of STING (20). 

We obtained purified hepatocytes from two human donors and confirmed that they expressed 

negligible levels of cGAS and STING (Fig. 4F), failed to respond to cGAMP transfection 

(Fig. 4G), and failed to produce cGAMP in response to DNA transfection (Fig. 4H). 

However, we found that these hepatocytes triggered robust IFNB1 transcription in response 

to DNA transfection that was significantly diminished by the Nu-7441 DNA-PK inhibitor 

(Fig. 4I). These data demonstrate that the SIDSP is the principal DNA sensing pathway in 

primary human hepatocytes, which lack the cGAS-STING pathway, with implications for 

the antiviral response to DNA viruses that replicate in hepatocytes.

The activation of DNA-PK requires the Ku70 and Ku80 cofactors that are responsible for 

DNA end binding and recruitment of DNA-PKcs to damaged DNA (16). We attempted to 

generate clonal lines of U937 cells deficient for Ku70 and Ku80 but we were not able to 

recover live knockout cells, likely because they are essential genes in human somatic cells 

(21, 22). We therefore employed a transient lentiCRISPR approach in STING KO HEK 293 

cells to target the XRCC6 (Ku70) and XRCC5 (Ku80) genes at the population level. Three 

days after selection of transduced cells in puromycin, we observed reduced levels of DNA-

PKcs, Ku70, and Ku80 proteins in HEK 293 cells targeted with the respective guide RNAs 

(Fig. 4J). Moreover, targeting Ku70 resulted in reduced expression of Ku80 protein and vice 

versa, consistent with prior data demonstrating that Ku70 is required for Ku80 protein 

stability (23). We found that IRF3 S386 phosphorylation in response to DNA transfection 

was reduced in cells targeted for DNA-PKcs, Ku70, and Ku80 (Fig. 4K), suggesting that all 

three of these components of the DNA-PK complex are essential for SIDSP activation. 

Together, our data provide pharmacological and genetic evidence that DNA-PK is essential 

for the SIDSP in human cells. Moreover, the requirement for Ku70 and Ku80 in activation of 

the SIDSP suggests that the DNA-PK complex is a direct sensor of foreign DNA ends

The DNA-PK SIDSP activates a broad, potent antiviral response

To define the nature of the transcriptional changes in the DNA-PK SIDSP beyond the 

canonical antiviral cytokine IFNβ, we performed a global mRNA-Seq analysis in WT and 

STING KO cells, evaluating the changes in gene expression following DNA transfection and 

the effect of the DNA-PK inhibitor Nu-7441 on this response. After mapping to the human 

transcriptome, normalizing read counts across all samples, and removing features with fewer 

than 10 mean counts per million (CPM), our dataset revealed tight concordance among the 

three biological replicates within each condition and differential clustering of each condition 

relative to all others (Fig. S4, A and B). A direct comparison of WT and STING KO U937 

cells treated with transfection reagent alone revealed largely similar basal gene expression 

levels, demonstrating that the clonal line of STING KO U937 cells was comparable to 

control cells (Fig. S4C). Moreover, we found that treatment with Nu-7441 in the absence of 

DNA stimulation had no significant effect on gene expression in either WT or STING KO 
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cells (Fig. S4, D and E), establishing the baseline conditions used for comparison to the 

DNA-treated samples within each genotype.

We compared DNA-activated WT and STING KO samples at 8 and 16 hours post-

transfection to their respective transfection reagent alone controls, in the presence of DMSO 

or 2μM Nu-7441. We focused first on the interferon-mediated antiviral response, objectively 

defined here by compiling genes in this category delineated by Gene Ontology Consortium 

terms (Table S1). We compiled a list of antiviral response genes with a fold change of 

greater than 1.5 and a false discovery rate (FDR) of <0.05 in any one of the comparisons. A 

heat map of these 124 differentially expressed genes revealed a broad, potent, and 

overlapping antiviral program triggered by DNA in both WT and STING KO cells (Fig. 5A 

and Table S2). Focusing on the seven IFN genes that were significantly induced in either 

WT or KO cells, we found that DNA transfection activated broad IFN expression in both 

WT and STING KO cells (Fig. 5B). Moreover, and consistent with the delayed IFNB1 
response in STING KO cells (Fig. 2C), we found that expression of all IFNs increased 

between 8 and 16 hours in the STING KO cells, whereas these same genes plateaued or 

decreased in expression between 8 and 16 hours in WT cells (Fig. 5B). This delay in SIDSP-

mediated gene expression held true when objectively comparing all upregulated genes in 

STING KO and WT cells. Specifically, 912/926 (98.5%) of upregulated genes in STING KO 

cells continued to increase in gene expression between 8 and 16 hours, with a larger relative 

increase compared to WT cells (Fig. 5C and Tables S3 and S4). Thus, the SIDSP activates a 

potent, broad gene expression program that is delayed relative to the DNA-activated antiviral 

response in WT human cells.

We next quantitated the effect of the Nu-7441 DNA-PK inhibitor on global gene expression 

in WT and STING KO cells. We plotted the fold change values of all differentially 

expressed genes at 16 hours post DNA transfection, comparing vehicle-treated cells to those 

treated with 2 μM Nu-7441. In WT cells, we found that Nu-7441 had a mild inhibitory effect 

on the expression of 718/1024 (70.1%) of differentially expressed genes (Fig. 5D and Table 

S4), suggesting that at least some of the DNA-activated gene expression in WT human cells 

reflects the combined contributions of cGAS-STING and the SIDSP. Strikingly, we found 

that Nu-7441 had an inhibitory effect on 1254/1327 (94.5%) of differentially expressed 

genes in STING KO cells, including both upregulated and downregulated transcripts (Fig. 

5E and Table S3). Moreover, a plot of the fold change in vehicle-treated STING KO cells 

versus the inhibitory effect of Nu-7441 revealed that the most differentially expressed genes 

tended to be those most affected by the drug (Fig. 5F and Table S3).

These mRNA-Seq data reveal a number of important features of the DNA-PK SIDSP. First, 

the SIDSP is a broad and potent antiviral response that results in significant changes in 

expression of over a thousand human genes. Second, global gene expression in the SIDSP is 

delayed relative to the DNA-activated antiviral response in WT human cells, highlighting 

kinetic differences of antiviral signaling that will be interesting to explore in the future. 

Third, the Nu-7441 inhibitor of DNA-PK kinase activity influences the vast majority of 

differential gene expression in the SIDSP, as well as a fraction of gene expression in WT 

cells. Thus, DNA-PK kinase activity is at the apex of the SIDSP, strongly suggesting that it 

is the primary sensor of this pathway rather than an incidentally activated peripheral 
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component of a distinct pathway. Importantly, these data provide a clear rationale and 

framework for exploring the utility of DNA-PK inhibitors in IFN-mediated human 

autoimmune and autoinflammatory disorders.

Human HSPA8/HSC70 is a target of the DNA-PK SIDSP

In our studies of E1A antagonism of IRF3 phosphorylation, we found that the antibody 

raised against IRF3 pS386 detected a second protein that was approximately 20 kilodaltons 

larger than IRF3 in DNA-activated HEK 293 cells (Fig. 6A). We found that this signal was 

sensitive to phosphatase treatment (Fig. S5A), thus identifying a cross-reactive 

phosphoprotein that we named “Mystery Protein.” We detected the DNA-activated 

phosphorylation of Mystery Protein in all human cell lines examined, including TERT-

immortalized human fibroblasts (Fig. 6B), primary human fibroblasts (Fig. 6C), and primary 

human hepatocytes (Fig. 6D). Three key features of Mystery Protein matched those that we 

defined for the SIDSP and led us to study it in more detail. First, Mystery Protein appeared 

only in response to DNA, not RIG-I ligand or cGAMP (Fig. 6, A–E). Second, DNA-

activated Mystery Protein phosphorylation was independent of both STING and TBK1 (Fig. 

6E). Finally, Mystery Protein was phosphorylated in response to DNA ends but not circular 

plasmid DNA (Fig. 6F).

To identify Mystery Protein, we used the IRF3 pS386 antibody for immunoprecipitation of 

HEK 293 cell extracts, followed by trypsin digest and mass spectrometry analysis of 

recovered peptides. To facilitate the identification of Mystery Protein, we also generated 

IRF3-deficient HEK 293 cells using lentiCRISPR. Importantly, Mystery Protein was still 

robustly phosphorylated after transfection of these IRF3-targeted cells with DNA, 

demonstrating that Mystery Protein was not an unusual, slower migrating isoform of IRF3 

itself, and that IRF3 was not required for Mystery Protein phosphorylation (Fig. S5B). We 

found that the IRF3 pS386 antibody recovered detectable Mystery Protein from lysates of 

DNA-transfected cells (Fig. S5B).

Among the peptides identified by mass spectrometry that were specifically enriched by IP 

with IRF3 pS386 antibody compared to control antibody, one protein in particular caught 

our attention. Heat shock protein A8 (HSPA8), also known as heat shock cognate 70 

(HSC70), matched the predicted mass of Mystery Protein at ~73 kilodaltons. Most 

intriguingly, we noted a sequence at the extreme C terminus of HSPA8 that corresponds 

precisely to the sequence preceding S386 in IRF3, suggesting a probable explanation for 

cross-reactivity of the antibody (Fig. 6G). HSPA8 is an abundant, constitutively expressed 

member of the heat shock protein (HSP) family of chaperones that participate in the folding 

of cellular proteins into their native states, either after synthesis on the ribosome or after 

stress-induced unfolding (24).

To test whether Mystery Protein was HSPA8, we generated expression vectors for 

hemagglutinin (HA) epitope-tagged human HSPA8 and three mutants in which one or both 

serines at positions 637 and 638 were mutated to alanines. We transfected each of these 

constructs into HEK 293 cells, waited 24 hours, and then transfected the cells with CT DNA 

for three hours before immunoprecipitation of the HA-tagged proteins and blotting for IRF3 

pS386. We found that the IRF3 pS386 antibody robustly detected the WT HSPA8 protein 
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after DNA transfection, but it failed to detect the single or double alanine-substituted mutant 

HSPA8 proteins (Fig. 6H). Thus, the IRF3 pS386 antibody detects phosphorylated human 

HSPA8, and both serines 637 and 638 of HSPA8 are essential for antibody binding. Because 

the IRF3 pS386 antibody was raised against a phosphopeptide in which only S386 was 

phosphorylated, and because S638 of HSPA8 aligns with S386 of IRF3, we suggest that 

HSPA8 is phosphorylated, at minimum, on S638 in response to DNA detection. Importantly, 

IRF3 is also phosphorylated on S385 upon activation (7), so it is possible that HSPA8 is 

additionally phosphorylated on S637.

Similar to the data presented for IRF3 (Fig. 4F), we found that DNA-PK, Ku70, and Ku80 

were all essential for the robust phosphorylation of HSPA8 on S638 (Fig. 4I). Next, we 

compared the effect of DNA-PK and ATM disruption on phosphorylation of IRF3 and 

HSPA8 in HEK 293 cells. We confirmed previous findings that targeting DNA-PK resulted 

in a loss of ATM protein expression (25), and we found that disruption of ATM did not 

affect DNA-PK protein levels (Fig. 6J). Consistent with the pharmacological data in U937 

monocytes (Fig. 4B), we observed that DNA-PK was essential for both IRF3 and HSPA8 

phosphorylation after DNA transfection in HEK 293 cells, but loss of ATM had no effect on 

this response (Fig. 6K). Finally, we evaluated the effect of the ICP0 ubiquitin ligase of 

herpes simplex virus 1 (HSV-1), which targets DNA-PK for degradation (26), on activation 

of the SIDSP. We found that ectopic expression of ICP0 in STING KO HEK 293 cells 

blocked DNA-activated phosphorylation of IRF3 and HSPA8 in a dose-dependent manner 

(Fig. 6L). Moreover, we found that infection of STING KO HEK 293 cells with wild-type 

HSV-1, but not ICP0-deficient HSV-1, blocked subsequent DNA-activated HSPA8 

phosphorylation (Fig. 6M), revealing a second viral antagonist of the SIDSP. Thus, we have 

identified phosphorylation of human HSPA8 on serine 638 as a target of the DNA-PK 

SIDSP. Phosphorylation of the C-terminus of HSPA8 has been proposed to modulate its 

interactions with cochaperone proteins (27), but inducible, site-specific phosphorylation of 

HSPA8 has not been reported previously.

HSPA8 delineates the antiviral modality of human DNA-PK

We noted that the amino acids surrounding serine 638 of HSPA8 are completely conserved 

across mammalian evolution, unlike those surrounding IRF3 (Fig. S5C). We took advantage 

of this conservation to test whether we could detect activation of the DNA-PK SIDSP in cell 

lines from primates and rodents, using HSPA8 phosphorylation as a convenient marker. We 

found that HSPA8 phosphorylation was robustly activated after DNA transfection in cells 

from all primate species tested and in rat cells, but that mouse embryonic fibroblasts (MEFs) 

failed to activate HSPA8 phosphorylation (Figs. 7A and S5D). To test more broadly for 

DNA-activated HSPA8 phosphorylation in mouse cells, we obtained primary MEFs from 

CAST/Ei, PWK, and WSB inbred mouse strains, which are the founding strains of the 

Collaborative Cross and sample approximately 90% of the genetic diversity within inbred 

mice (28). We found that primary human fibroblasts and all of the primary MEF lines 

degraded STING in response to DNA transfection, but only the human fibroblasts activated 

HSPA8 phosphorylation (Fig. 7B). We then introduced epitope-tagged mouse HSPA8 into 

human HEK 293 cells, and human HSPA8 into immortalized C57BL/6 mouse fibroblasts. 

Mouse HSPA8 was robustly phosphorylated in human cells, but neither human nor mouse 
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HSPA8 became phosphorylated in mouse fibroblasts after DNA transfection (Fig. 7, C and 

D). Together with the well documented observation that nearly all of the IFN response to 

DNA in mouse cells is STING-dependent (Fig. 2A), our data suggest that the DNA-PK 

SIDSP is present in humans, primates, and rats, but absent or severely impaired in mouse 

cells.

We next tested for activation of the SIDSP in response to DNA damage, which potently 

triggers activation of DNA-PK (16). We treated STING KO HEK 293 cells with CT DNA, 

plasmid DNA, ionizing radiation, or the topoisomerase-II inhibitor etoposide, monitoring 

activation of both IRF3 and HSPA8 phosphorylation up to 12 hours after treatment. As 

shown in Figs. 3E, 4A, and 6F, we found that CT DNA, but not circular plasmid DNA, 

induced robust phosphorylation of both IRF3 and HSPA8, together with potent activation of 

H2AX S139 phosphorylation (Fig. 7E). However, and intriguingly, neither ionizing radiation 

nor etoposide activated IRF3 or HSPA8 phosphorylation, despite robust H2AX S139 

phosphorylation and the well characterized activation of DNA-PK by each of these DNA 

damaging agents (Fig. 7E) (16). As a control, we used thapsigargin, which induced a potent 

endoplasmic reticulum (ER) stress response, but not IRF3, HSPA8, or H2AX 

phosphorylation (Fig. 7E). Together, our data suggest two distinct modalities of DNA-PK 

activation. First, the well-characterized role of DNA-PK in response to DNA damage, which 

involves coordination of the NHEJ repair machinery, does not activate DNA-PK-dependent 

phosphorylation of IRF3 or HSPA8. Second, the DNA-PK-dependent response to foreign 

DNA triggers both IRF3 and HSPA8 phosphorylation. Thus, the SIDSP activates 

downstream targets of DNA-PK activity that are distinct from that triggered by DNA 

damage.

Discussion

We have identified DNA-PK as the sensor of a potent, STING-independent DNA sensing 

pathway (SIDSP) that is present in human cells but weak or absent from mouse cells. We 

identify two DNA virus-encoded antagonists of the DNA-PK SIDSP, and we show that a 

small molecule inhibitor of DNA-PK kinase activity potently reduces the robust and broad 

transcriptional response triggered by foreign DNA in human cells. Finally, we present 

evidence that the DNA-PK SIDSP includes targets that are triggered only by foreign DNA 

and not by DNA damage. The existence of a second DNA sensing pathway that is present in 

human cells but not mouse cells has important implications for our understanding of 

antiviral immunity, for ongoing efforts to inhibit the antiviral response to treat autoimmune 

diseases, and for the possibility of harnessing this pathway to enhance immune responses to 

tumors.

Prior studies have suggested a role for DNA-PK in the antiviral response triggered by 

detection of intracellular DNA (29–31). However, our findings differ from these studies in 

three important ways. First, DNA-PK was proposed to act upstream of STING (29), whereas 

we use clonal lines of STING-deficient human cells to demonstrate that DNA-PK triggers a 

STING-independent antiviral pathway. Second, the contribution of DNA-PK in prior studies 

was found to be independent of its catalytic activity (29). We show that the vast majority of 

differential gene expression in the SIDSP in human cells is sensitive to a chemical inhibitor 
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of DNA-PK kinase activity. Finally, DNA-PK was suggested to contribute to the DNA-

activated IFN response in mouse cells (29–31). We previously found that Ku70- and DNA-

PKcs-deficient mouse cells had no defect in DNA-activated IFN production (32), and we 

find no evidence here for activation of the DNA-PK SIDSP in mouse cells. Despite these 

important differences in the signaling requirements and species specificity of DNA-PK 

activity, we note that these prior studies identified multiple proteins from Vaccinia virus that 

inhibit DNA-PK activation (30, 31). Other prior studies have identified interactions between 

hAd5 E1A protein and Ku70 (33), and hAd5 E4 protein and DNA-PK (34). Together with 

our identification of hAd5 E1A and HSV-1 ICP0 as potent inhibitors of the DNA-PK SIDSP, 

it is clear that numerous classes of DNA viruses encode DNA-PK antagonists. Our data 

suggest a reason for the existence of these antagonists.

We found that the Nu-7441 DNA-PK inhibitor potently reduced nearly all gene expression 

triggered by the SIDSP, demonstrating that DNA-PK kinase activity drives the SIDSP 

transcriptional response. A key question for future studies is whether DNA-PK directly 

phosphorylates IRF3 and HSPA8, or whether another kinase downstream of DNA-PK is 

required. DNA-PK was previously shown to directly phosphorylate human IRF3 on 

threonine 135 (35); this site matches the known preferred DNA-PK phosphorylation motif of 

a serine or threonine followed by a glutamine (16). However, neither of the phosphorylation 

sites that we identified as DNA-PK-dependent in HSPA8 or IRF3 match this motif, 

suggesting that if DNA-PK directly phosphorylates these sites, it does so in a non-canonical 

manner.

We identified serine 638 of HSPA8 as a specific target of the DNA-PK SIDSP in human 

cells. Intriguingly, the original description of DNA-PK kinase activity over 30 years ago 

found inducible phosphorylation of a distinct heat shock protein, HSP90, in extracts of 

human cells but not mouse cells (36). We are currently exploring the role of HSPA8 and its 

phosphorylation in the SIDSP, which has been complicated thus far by the essential role that 

HSPA8 plays in cellular homeostasis and survival (24). However, we used the conservation 

of HSPA8 among mammals as a means to explore the activation of the DNA-PK SIDSP in 

primates and rodents. Consistent with the lack of a significant STING-independent IFN 

response in mouse fibroblasts, we found that HSPA8 phosphorylation did not occur in 

mouse cells. However, all primates tested, as well as rats, demonstrated intact HSPA8 

phosphorylation, suggesting that the SIDSP is broadly present in mammals and that 

laboratory mice specifically lost a robust SIDSP after their divergence from the common 

ancestor of mice and rats. The underlying reason for the weak or absent SIDSP in mice is a 

very interesting question for future studies, the goal of which will be to restore the SIDSP in 

mice and then explore its role in antiviral immunity in vivo.

We found that DNA damage and the SIDSP trigger distinct outcomes of DNA-PK kinase 

activity, with only foreign DNA triggering HSPA8 and IRF3 phosphorylation and the 

antiviral response. Thus, the same kinase, activated by DNA ends, targets distinct substrates 

depending on the context of the stimulus. What underlies these two modalities of DNA-PK 

activity and how are they enforced? Potential explanations include different subcellular 

localization of foreign DNA versus damaged genomic DNA, as well as accessory proteins 

that may target DNA-PK to its distinct substrates. It will be important to further define and 
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understand these modalities of DNA-PK in molecular detail. Such an understanding would 

enable studies of whether these modalities can be overridden, for example converting DNA 

damage into a potent antiviral response in tumors.

The cGAS-STING antiviral response has become the subject of intense development in the 

pharmaceutical industry, including efforts to develop inhibitors of cGAS and STING to treat 

human autoimmune diseases (37–39), as well as agonists of STING to improve immune 

responses to tumors (40–42). Our discovery of a second DNA-activated antiviral response in 

human cells has important implications for these efforts. First, if both cGAS-STING and the 

DNA-PK SIDSP are activated by intracellular DNA in human autoimmune disease, it is 

possible that cGAS inhibitors will need to be paired with DNA-PK inhibitors to have 

optimal therapeutic effect. Importantly, highly specific and efficacious inhibitors of DNA-

PK already exist, whereas effective cGAS inhibitors are still being developed. Second, the 

possibility of harnessing direct agonism of the DNA-PK SIDSP to trigger innate immune 

responses in the tumor microenvironment could broaden the toolkit of sophisticated adjuvant 

immunotherapies.

In summary, we have described the existence of a potent STING-independent DNA sensing 

pathway (SIDSP) in human cells, and we have identified its sensor, a downstream target, two 

distinct viral antagonists, and a potent small molecule inhibitor of the response. Further 

study of this new pathway, its relevance in human disease, and its relationship to the cGAS-

STING pathway will uncover new insights into human innate immunity.

Materials and Methods

Study Design

The goals of this study were (i) to determine the mechanism by which viral oncogenes block 

STING signaling, and (ii) to characterize a STING-independent DNA sensing pathway 

(SIDSP) that is present in human cells but not laboratory mice. Study of the SIDSP was 

performed in several human cell lines in order to demonstrate its broad function. The 

numbers of experiments, biological replicates, and sample sizes for each data panel are 

outlined in the figure legends.

Reagents, antibodies, and inhibitors

A table of the source of all reagents, antibodies, kits, cell lines, and chemicals is included 

(Table S5). Sheared CT DNA (Sigma) and 2’3’ cGAMP (Invivogen) were purchased and 

diluted in water; ISD oligos were ordered from Integrated DNA Technologies and annealed 

in water (32); RIG-I ligand was synthesized in vitro as previously described using HiScribe 

T7 High Yield RNA Synthesis Kit (43). For plasmid stimulations, midiprepped pcDNA3 

vector was either untreated or sonicated with a Covaris M220 focused ultrasonicator at 5% 

ChIP (factory setting). Nu-7441 DNA-PK inhibitor and Ku-60019 ATM inhibitor 

(SelleckChem) were suspended in DMSO and used to treat cells for 1 hour prior to 

stimulation with nucleic acid ligands. For Nu-7441, we used 0.25, 0.5, 1, or 2 μM. For 

Ku-60019, we used 0.125, 0.25, 0.5, or 1 μM. Untreated cells received matched amounts of 

plain DMSO.
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Cell treatments

HEK 293 cells were grown in DMEM supplemented with 10% FCS, L-glutamine, penicillin/

streptomycin, sodium pyruvate, and HEPES. U937 and THP1 cell lines were grown in 

RPMI supplemented as above, and differentiated prior to stimulation using 100 nM phorbol 

myristoyl acetate (PMA) for 24 hours and then rested in media lacking PMA for 24 hours. 

Single-donor primary human hepatocytes (Lonza, catalog #: HUCPG; donor #s: 

HUM17299A, HUM173531) were thawed and plated as recommended on collagen-coated 

dishes (Corning) at 0.5 million/well in 24 well format.

HEK 293 cells were plated at 0.5 million/well in a 6 well dish in 2 mL media the day before 

stimulation for protein harvest. For RNA harvest and qPCR, U937 cells were plated at 0.25 

million/well in a 24 well dish. In the 6 well dish format, cells received 8 μg of CT DNA, 

ISD100, or pcDNA3 complexed with 8 μl of Lipofectamine 2000. 10 μM cGAMP was 

complexed with 8 μl Lipofectamine, and 1 μg RIG-I ligand was complexed with 1 μl 

Lipofectamine to achieve comparable induction of IFN across treatments in competent cells. 

Stimulations done in 24 well plates were scaled by ¼. Etoposide (prepared in DMSO) was 

diluted in culture media to 50 μM, and untreated cells received the same volume of DMSO. 

Cells were irradiated with 30 Gy using a Rad Source RS 2000 X-irradiator.

Interferon bioassay

Supernatants from stimulated cells were harvested 24 hours post-stimulation and used to 

stimulate a HeLa cell line stably expressing an ISRE-luciferase reporter as described 

previously (11).

Western blotting

Cells were harvested by trypsinization (U937 cells) or vigorous wash with PBS (HEK 293 

cells), pelleted, and lysed using either a 1% Triton-X-100 buffer (20 mM HEPES, 150 mM 

NaCl, 10% glycerol, 1 mM EDTA, Pierce phosphatase/protease inhibitors) or, for samples 

requiring measurement of DNA-PK protein levels, RIPA buffer (150 mM NaCl, 1% Triton-

X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris pH 8.0, Pierce phosphatase/

protease inhibitors). Lysates were vortexed and incubated on ice for 15 minutes before 

clearing by centrifugation for 15 minutes. To fully assess cGAS expression, cells were 

fractionated using Thermo Fisher’s NE-PER reagents, with a modified protocol: salt-active 

nuclease and supplemental MgCl2 to 5 mM were added to the NER buffer. Proteins were 

separated on Bolt 4–12% Bis-Tris gels (ThermoFisher) in MES buffer for 30 minutes at 

200V and transferred to Immobilon-FL PVDF membrane (Sigma). Blots were blocked in 

5% BSA/TBST for 30 minutes prior to incubation with primary. The pIRF3 S386 blots were 

incubated at 4°C overnight and washed for at least 30 minutes in TBST prior to incubation 

with secondary antibody. In order to better resolve DNA-PK (470 kDa), lysates were run on 

3-8% Tris-acetate gels (ThermoFisher) for 2 hours at 150V and then transferred in 5% 

methanol for 3 hours at 20V at 4°C.

LentiCRISPR targeting

VSV-G pseudotyped, self-inactivating lentivirus was prepared by transfecting a 60-80% 

confluent 10-cm plate of HEK 293T cells with 1.5 μg of pVSV-G expression vector, 3 μg of 
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pMDLg/pRRE, 3 μg pRSV-Rev and 6 μg of pRRL lentiCRISPR vectors using 

Poly(ethyleneimine) (PEI; Sigma). Media was replaced 24 hours post-transfection and 

harvested 24 hours later for filtration with a 0.45 μm filter (SteriFlip, Millipore). 

Approximately 1 million cells were transduced with 10 mL filtered virus. Targeting NHEJ 

components efficiently was difficult; best results were achieved by increasing transduction 

rates with sequential transductions on two consecutive days. Cells were plated for 

stimulations while still under selection at day 4 post first transduction.

For CRISPR/Cas9 gene targeting, we generated pRRL lentiviral vectors in which a U6 

promoter drives expression of a gRNA, and an MND promoter drives expression of Cas9, a 

T2A peptide, and either a puromycin or blasticidin (44). gRNA sequences are listed in the 

Supplementary Materials and Methods.

Generation of clonal cell lines

KO cell lines were generated by limiting dilution, screened by western blot, and verified by 

Sanger sequencing and functional assays. The STING/DNA-PK DKO U937 cell line was 

produced by transducing U937s simultaneously with a STING lentiCRISPR puro virus and a 

DNA-PK lentiCRISPR blasticidin virus, selecting in 10 μg/ml puro and 5 μg/ml blasticidin, 

and seeding in 96 well plates immediately after selection. Very few colonies grew, and the 

verified DKO clone grew markedly slower than H1 control-targeted control clones or the 

STING KO clones, as expected (19).

RNA isolation and RT-qPCR

Cells were harvested in Trizol before purification via Direct-zol RNA miniprep (Genesee 

Scientific) per manufacturer’s instructions with an additional dry spin after disposing of the 

final wash to prevent carryover. cDNA was generated using EcoDry double primed premix 

(Clontech). qPCR was performed using iTaq supermix on the Bio-Rad CFX96 Real-Time 

system. PCR primer sequences are listed in the Supplementary Materials and Methods.

cGAMP quantitation assay

Cells were plated at 100,000 cells/well in a 24 well tissue culture dish. 24 hours later, cells 

were transfected with either 10 μg/ml CT DNA in Lipofectamine 2000 (Invitrogen; ratio of 1 

μL lipofectamine per 1 μg CT DNA; (32), or with an identical volume of Lipofectamine 

2000 alone. 4 hours later, cells were harvested and lysates were prepared using cGAMP EIA 

assay protocol provided by manufacturer (Arbor Assays), in a volume of 200 μL sample 

suspension buffer.

mRNA-Seq and analysis

Total RNA was added directly to lysis buffer from the SMART-Seq v4 Ultra Low Input RNA 

Kit for Sequencing (Takara), and reverse transcription was performed followed by PCR 

amplification to generate full-length amplified cDNA. Sequencing libraries were constructed 

using the NexteraXT DNA sample preparation kit (Illumina) to generate Illumina-

compatible barcoded libraries. Libraries were pooled and quantified using a Qubit® 

Fluorometer (Life Technologies). Dual-index, single-read sequencing of pooled libraries was 

carried out on a HiSeq2500 sequencer (Illumina) with 58-base reads, using HiSeq v4 Cluster 
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and SBS kits (Illumina) with a target depth of 5 million reads per sample. Details of mRNA-

Seq analyses and software are listed in the Supplementary Materials and Methods.

Immunoprecipitation and Mass Spectrometry

To identify HSPA8 using mass spectrometry, we performed immunoprecipitation of CT-

DNA stimulated HEK293 cells using the antibody to IRF3 pS386 crosslinked to Dynabeads 

(ThermoFisher) overnight at 4C, then washed three times in lysis buffer and two times in 

ammonium biocarbonate (50mM) before peptide digestion (V5280, Promega). Details of 

instrumentation and analysis of peptides are in Supplementary Materials and Methods.

Cloning of HSPA8

PCR and InFusion cloning (Clonetech) were used to generate N-terminal HA-tagged WT 

and alanine mutant human HSPA8 constructs from HEK 293 cell cDNA. A murine HSPA8 

cDNA clone (Transomic technologies, Clone ID BC089322) was used as template to 

generate the epitope-tagged mouse versions.

ICP0 expression and HSV-1 infections

0.25 million STING KO HEK293s were seeded in 12 well format the day before 

transfection with 0, 1, 2 or 4 μg of ICP0 expression plasmid using Lipofectamine 2000 at a 1 

μl:1 μg DNA ratio. Empty pcDNA3 was used to bring the total amount of transfected DNA 

up to 4 μg total. 24 hours post-transfection, the cells were treated with 4 μg CT DNA or 4 μL 

Lipofectamine 2000 alone and harvested 3 hours later into RIPA buffer with phosphatase 

inhibitors for analysis by western blot. Wild-type HSV-1 strain KOS and ICP0-null HSV-1 

strain 7134 were prepared in Vero cells and ICP0-complemented Vero cells, respectively 

(52), using a MOI of 0.01 for 48 hrs before virus-containing media was collected, spun 

down to remove any cells, and aliquoted for storage at −80 C. Titering was performed by 

serial dilution and plaque assay on the appropriate Vero cell line. Plaques were visualized by 

fixing/staining in 20% methanol with 0.2% crystal violet.

Experimental replicates and statistics

Quantitative data were visualized and analyzed using GraphPad Prism software. Multiple 

unpaired t-tests with significance determined by Holm-Sidak method were used to compare 

differences between groups, unless otherwise noted for specific tests in figure legends. 

Significance is indicated as follows in all figures: n.s.=not significant, *p<0.05’ **p<0.01, 

***p<0.001, ****p<0.0001. Raw data for all graphs are included in Table S6.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Human Adenovirus 5 E1A blocks two DNA sensing pathways
(A) HEK 293 cells were transduced with lentiCRISPR encoding H1 control or E1A-specific 

gRNAs, selected for three days, and then stimulated with CT DNA or RIG-I ligand for 24 

hours, followed by measuring type I IFN activity in culture supernatants. *:p<0.05. n=3 

independent treatments per condition. Error bars represent Standard Deviation (SD). (B) 
HEK 293 cells, treated with the indicated ligands, were lysed at the indicated times post 

transfection, followed by western blot analysis for phosphorylated TBK1 and IRF3. (C) 
Clonal lines of H1 control-targeted, STING KO, and TBK1 KO HEK 293 cells were treated 

with the indicated ligands for 3 hours, followed by western blot for the indicated 

phosphorylation sites on IRF3. (D) Clonal lines of H1 control-targeted and STING KO HEK 

293 cells were transduced with lentiCRISPR as described in (A), then stimulated with the 

indicated ligands for 8 hours followed by western blot analysis. Data are representative of 

three independent experiments per panel.
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Figure 2: A STING-independent DNA sensing pathway (SIDSP) in human cells
(A) Primary mouse embryonic fibroblasts were treated with Lipofectamine alone (Lipo) or 

the indicated ligands for four hours before harvest and quantitative RT-PCR (RT-qPCR) 

analysis of Ifnb mRNA expression. n=3 independent treatments per condition. (B) PMA-

differentiated human U937 monocytes or two clonal lines of STING KO U937 cells were 

treated with the indicated ligands for 16 hours before harvest and RT-qPCR analysis of 

IFNB1 mRNA expression. n=3 independent treatments per condition. (C) PMA-

differentiated WT U937 cells and STING KO U937 cells were treated with the indicated 
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ligands for the indicated times before harvest and RT-qPCR analysis of IFNB1 mRNA 

expression. n.s.: not significant. n=3 independent treatments per condition. (D) Tert-HFF 

cells were transduced with lentiCRISPR encoding either H1 control non-targeting gRNA or 

STING targeting gRNA, followed by selection for three days in puromycin. STING 

expression was assessed by western blot. (E) Tert-HFFs from (E) were treated with the 

indicated ligands for 16 hours prior to harvest and RT-qPCR for IFNB1. Multiple t-tests with 

significance determined by Holm-Sidak method were used to compare cell lines for each 

stimulation, n=3 independent treatments per condition. (F) Clonal lines of PMA-

differentiated H1 control-targeted THP1 cells and IRF3/IRF7 DKO THP1 cells were treated 

with the indicated ligands for 16 hours before harvest and RT-qPCR analysis of IFNB1 
mRNA expression. n=3 independent treatments per condition. Error bars represent SD. Data 

are representative of 3 independent experiments per panel.
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Figure 3: The SIDSP is activated by DNA ends
(A) PMA-differentiated clonal lines of H1 control-targeted and STING KO U937 cells were 

treated with the indicated ligands for 16 hours before harvest and RT-qPCR analysis of 

IFNB1 mRNA expression. n.s.: not significant; **:p<0.01. (B) CT DNA, supercoiled 

plasmid DNA, and sonicated plasmid DNA were run on a DNA agarose gel and visualized 

with SYBR-Safe. (C) Two clonal lines of PMA-differentiated STING KO U937 cells were 

treated with the indicated ligands for 16 hours, with IFNB1 mRNA expression in CT DNA-

treated cells set at 100%. n=3 independent treatments per condition. (D) CT DNA, 100 base 

pair annealed DNA oligos (ISD100), supercoiled and sonicated plasmid DNAs were 

visualized on DNA-agarose gel. (E) STING KO HEK 293 cells were treated with the 

indicated ligands for three hours before harvesting lysates and evaluating IRF3 S386 

phosphorylation by western blot. Error bars represent SD. Data are representative of 3 

independent experiments per panel.
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Figure 4: Human DNA-PK is essential for the SIDSP.
(A) PMA-differentiated STING KO U937 cells were treated with CT DNA for 16 hours in 

the presence of DMSO control, increasing concentrations of Ku-60019 ATM inhibitor 

[0.125, 0.25, 0.5, 1 μM], or Nu-7441 DNA-PK inhibitor [0.25, 0.5, 1, 2 μM], followed by 

western blot analysis of γ-H2AX phosphorylation. (B) PMA-differentiated STING KO 

U937 cells were treated with CT DNA for 16 hours in the presence of inhibitors as described 

in (A), followed by RT-qPCR analysis of IFNB1 mRNA expression. n.s.: not significant; 

***:p<0.001. n=3 independent treatments per condition. (C) PMA-differentiated STING KO 

U937 cells were treated with CT DNA or RIG-I ligand in the presence of DMSO or 

Nu-7441 for 16 hours, followed by RT-qPCR analysis of IFNB1 mRNA expression. n.s.: not 

significant; ***:p<0.001. n=3 independent treatments per condition. (D) Western blot 

analysis of DNA-PK and STING in clonal lines of H1 control, STING KO and STING/

DNA-PK DKO U937 cells. (E) PMA-differentiated STING KO and STING/DNA-PK DKO 

U937 cells were treated with CT DNA for 16 hours in DMSO or 2 μM Nu-7441, followed 

by RT-qPCR analysis of IFNB1 mRNA expression, normalized to Lipo control-treated cells. 

**:p<0.01. n=3 independent treatments per condition. (F) Primary human foreskin 

fibroblasts (HFF) and primary human hepatocytes from male (♂) and female (♀) donors 

were assessed for cGAS, STING, and DNA-PK proteins by fractionation into cytosol (C) 

and nuclear (N) extracts, followed by western blot. The nuclear extract was treated with salt-

active nuclease to remove genomic DNA. (G) The indicated cell lines were stimulated with 

cGAMP for 16 hours before harvest and RT-qPCR analysis of IFNB1 mRNA expression. 
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One-way ANOVA with Holm Sidak’s multiple comparisons test was used to compare 

IFNB1 in the HFFs versus the hepatocytes. ****:p<0.0001. n=3 independent treatments per 

condition. (H) The indicated cell lines were stimulated for 4 hours before measurement of 

cGAMP by ELISA. n.s.: not significant; *:p<0.05. n=3 independent treatments per 

condition. (I) The indicated cell lines were treated with CT DNA for 16 hours in the 

presence of DMSO or 2 μM Nu-7441 before harvest and RT-qPCR analysis of IFNB1 
mRNA expression. Multiple t-tests with significance determined by the Holm-Sidak method 

were used to compare IFNB1 in DMSO versus Nu7441 treated cells. *:p<0.05, 

****:p<.0001. n=3 independent treatments per condition. (J) STING KO HEK 293 cells 

were transduced with lentiCRISPR encoding gRNAs specific for the indicated targets, 

selected for three days in puromycin, and then harvested for western blot analysis of the 

indicated proteins. (K) STING KO HEK 293 cells from (J) were stimulated with CT DNA 

for the indicated time points and then harvested for western blot analysis of IRF3 S386 

phosphorylation. Error bars represent SD. Data are representative of 3 independent 

experiments per panel.
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Figure 5: The DNA-PK SIDSP activates a broad gene expression program
(A) Heat map representation of log2 Fold Change in gene expression for the 124 antiviral 

response genes with significant differential expression in one of the four comparisons. The 

key includes a histogram in cyan plotting the distribution of log2 Fold Change values for all 

the included genes. Data represent the average of three independent treatments per 

condition. (B) Expression data for all interferon genes significantly induced in clonal lines of 

H1 control targeted or STING KO U937 cells, plotting the log2 Fold Change at 8 and 16 

hours post treatment. Data represent the average of three independent treatments per 

condition. (C) To measure the trajectories of global gene expression from 8 to 16 hours post 

CT DNA transfection, the fold change in gene expression at 16 hours was divided by the 

fold change for the same genes at 8 hours and plotted for all upregulated genes in STING 

KO (n=926) and H1 control lines (n=563). ****:p<0.0001, Mann-Whitney unpaired t-test. 

Data represent the average of three independent treatments per condition. (D) In H1 control 

U937 cells, the 16 hour CT DNA-activated log2 Fold Change was plotted for DMSO 

control-treated cells on the x-axis and for Nu-7441-treated cells on the y-axis. Each dot 

represents a single gene that was differentially expressed at 16 hours in DMSO-treated cells 

(n=1024). The red line through the origin indicates the line of equivalence representing no 

effect of the drug treatment. A Wilcoxon matched pairs signed rank test was used to 

determine the p-value between DMSO control and Nu-7441-treated samples after DNA 

stimulation. Data represent the average of three independent treatments per condition. (E) In 

STING KO U937 cells, the effect of Nu-7441 on global gene expression for 1327 genes 

differentially expressed in DMSO control-treated cells, plotted as in (D). A Wilcoxon 

matched pairs signed rank test was used to determine the p value between DMSO control 

and Nu-7441-treated samples after DNA stimulation. Data represent the average of three 

independent treatments per condition. (F) In STING KO U937 cells, the log2 Fold Change 

in DMSO control-treated cells was plotted on the y-axis for differentially expressed genes, 
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and the effect of Nu-7441 on these same genes was plotted in log10 format on the x-axis, 

n=1327. Data represent the average of three independent treatments per condition, each 

processed and sequenced independently.
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Figure 6: HSPA8 is a downstream target of the DNA-PK-SIDSP
(A-D): The indicated human cells were treated with CT DNA or RIG-I ligand for the 

indicated times before harvest and western blot analysis of IRF3 S386 phosphorylation. 

Mystery Protein is indicated as MP on the blots. (E) Clonal lines of H1 non-targeting 

control, STING KO, and TBK1 KO HEK 293 cells were treated with the indicated ligands 

for 3 hours before harvest and western blot analysis of MP. (F) STING KO HEK 293 cells 

were treated with the DNA ligands described in Fig. 3D for 3 hours, followed by western 

blot analysis of MP. (G) Alignments of human IRF3 and HSPA8/HSC70. The red S 

indicates IRF3 S386 and HSPA8 S638. (H) HEK 293 cells were transfected with plasmids 

encoding the indicated human HA-HSPA8 constructs, then treated the next day with CT 

DNA for 3 hours before harvest, HA-immunoprecipitation, and western blot using the IRF3 

pS386 antibody. (I) HEK 293 cells targeted for the indicated genes were treated with DNA 

and harvested for western blot analysis using the IRF3 pS386 antibody that detects HSPA8 
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pS638. (J) STING KO HEK 293 cells were transduced with lentiCRISPR targeting H1 

control, DNA-PK, or ATM, selected for three days, and then harvested for western blot of 

the indicated proteins. (K) STING KO HEK 293 cells, transduced and selected as described 

in (J), were treated with CT DNA and then harvested for western blot analysis of IRF3 S386 

and HSPA8 S638 phosphorylation. (L) STING KO HEK 293 cells were transfected with 

plasmid encoding the ICP0 protein of herpes simplex virus 1. 24 hours later, the cells were 

stimulated with CT DNA for 3 hours before harvest and western blot analysis of the 

indicated proteins. (M) STING KO HEK 293 cells were infected with increasing doses of 

either WT or ICP0-null mutant HSV1 (doses are MOI of 0, 0.1, 1, and 10) for 4 hours before 

3 hour treatment with CT DNA and harvest for western blot. Data are representative of 3 

independent experiments per panel.
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Figure 7: HSPA8 phosphorylation delineates the antiviral modality of human DNA-PK
(A) The indicated human, primate, and mouse cell lines were stimulated with CT-DNA for 3 

hours before harvest and western blot for the indicated proteins. (B) Primary human 

fibroblasts (HFF) and primary mouse embryonic fibroblasts from C57BL/6, CAST/Ei, 

PWK, and WSB mice were transfected with CT DNA for 6 hours before harvest and 

evaluation of the indicated proteins by western blot. (C) HEK 293 cells were transfected 

with either human HA-HSPA8 constructs or mouse HA-HSPA8 constructs, followed by CT 

DNA stimulation for 3 hours, HA immunoprecipitation, and western blot analysis of the 
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indicated proteins. (D) Immortalized mouse Jackson fibroblasts were transfected and treated 

as indicated in (B). (E) HEK 293 cells were stimulated with CT DNA or supercoiled 

plasmid DNA, or treated with 30 Gray ionizing γ-irradiation, 50 μM Etoposide, or 500 nM 

Thapsigargin before harvest at the indicated time points and western blot analysis of IRF3 

pS386, HSPA8 pS638, and γ -H2AX. Data are representative of 2-3 independent 

experiments per panel.

Burleigh et al. Page 29

Sci Immunol. Author manuscript; available in PMC 2020 July 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Results
	Human adenovirus 5 E1A blocks two DNA sensing pathways in human cells
	A STING-independent DNA sensing pathway (SIDSP) in human cells
	Human DNA-PK is essential for the SIDSP
	The DNA-PK SIDSP activates a broad, potent antiviral response
	Human HSPA8/HSC70 is a target of the DNA-PK SIDSP
	HSPA8 delineates the antiviral modality of human DNA-PK

	Discussion
	Materials and Methods
	Study Design
	Reagents, antibodies, and inhibitors
	Cell treatments
	Interferon bioassay
	Western blotting
	LentiCRISPR targeting
	Generation of clonal cell lines
	RNA isolation and RT-qPCR
	cGAMP quantitation assay
	mRNA-Seq and analysis
	Immunoprecipitation and Mass Spectrometry
	Cloning of HSPA8
	ICP0 expression and HSV-1 infections
	Experimental replicates and statistics

	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Figure 6:
	Figure 7:

