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SUMMARY
Cyclic GMP-AMP synthase (cGAS) is a cytosolic DNA sensor that plays a critical role in regulating antiviral
signaling. cGAS binds to DNA and catalyzes the synthesis of cyclic GMP-AMP (cGAMP), which is essential
for downstream signal transduction. The antiviral response is a rapid biological process; however, cGAS it-
self has relatively low DNA binding affinity, implying that formation of the cGAS-DNA complex requires an
additional factor(s) that promotes cGAS-DNA binding, allowing efficient antiviral signal transduction. Here,
we report that the Ku proteins (Ku80 and Ku70) directly interact with cGAS and positively regulate cGAS-
mediated antiviral signaling. Mechanistically, we find that the interaction of the Ku proteins with cGAS signif-
icantly increases the DNA-binding affinity of cGAS and promotes cGAS condensation in the cytosol, thereby
enhancing cGAS catalytic activity. Our results show that the Ku proteins are critical partners of cGAS in
sensing DNA virus infection and ensuring efficient innate immune signal transduction.
INTRODUCTION

The innate immune response against virus infection is initiated by

the detection of an invading virus by pattern recognition recep-

tors (Akira et al., 2006; Brubaker et al., 2015; Medzhitov, 2007).

To recognize DNA viruses, in addition to the well-known endoso-

mal Toll-like receptor 9 (TLR9) (Lund et al., 2003), a variety of

cytosolic pattern recognition receptors have been identified,

such as DNA-dependent activator of interferon-regulatory fac-

tors (DAI) (Takaoka et al., 2007), absent in melanoma 2 (AIM2)

(Gray et al., 2016), interferon g inducible protein 16 (IFI16) (Unter-

holzner et al., 2010), DDX41 (Zhang et al., 2011b), DNA-depen-

dent protein kinase (DNA-PK) (Ferguson et al., 2012), meiotic

recombination 11 homolog A (MRE11) (Kondo et al., 2013), stim-

ulator of IFN genes (STING) (Burdette et al., 2011), SRY-box tran-

scription factor 2 (SOX2) (Xia et al., 2015), polyglutamine binding

protein 1 (PQBP1) (Yoh et al., 2015), and cyclic GMP-AMP syn-

thase (cGAS) (Sun et al., 2013). Among these DNA sensors, only

cGAS was identified as the universal cytosolic double-stranded

DNA sensor that is independent of specificity of DNA sequence

and/or cell type. cGAS can recognize not only foreign DNA from

invading microbes, including bacteria, DNA viruses, and retrovi-

ruses, but also cytosol self-DNA leaked from the nuclear or mito-

chondrial compartment. Thus, cGAS plays a critical role in the

innate immune response against both DNA virus infection and
C
This is an open access article under the CC BY-N
autoimmunity (Collins et al., 2015; Gao et al., 2015; Li et al.,

2013b; Schoggins et al., 2014; West et al., 2015). Upon binding

to DNA, cGAS catalyzes the synthesis of cyclic GMP-AMP

(cGAMP) from ATP and GTP (Gao et al., 2013a). cGAMP then

binds to the endoplasmic reticulum membrane protein STING

and activates the transcription factors IRF3 and NF-kB through

the TBK1/IKKi kinases and the IKK complex, respectively,

thereby inducing the production of type I interferons (IFNs) and

proinflammatory cytokines (Gao et al., 2013b; Wu et al., 2013).

Although cGAS has been identified as a major DNA sensor, its

binding affinity for DNA is relatively low (dissociation constant in

the range of 20 mM to 80 nM) (Jonsson et al., 2017; Kranzusch

et al., 2013; Li et al., 2013a; Zhang et al., 2014). How its low

DNA binding affinity can efficiently mediate the complicated re-

sponses to a broad range of DNA ligands remains unclear.

The low DNA binding affinity of cGAS suggests that co-sensors

may function together with cGAS to mediate antiviral signaling.

Indeed, ZCCHC3 (Lian et al., 2018) and PCBP1 (Liao et al.,

2021) were shown to act as co-sensors to increase the DNA

binding ability of cGAS. cGAS has been reported to detect a

wide range of DNAs, including low amounts of pathogen DNA

from bacteria and DNA viruses, as well as self-DNA in the

cytosol (Collins et al., 2015; Gao et al., 2015; Li et al., 2013b;

Schoggins et al., 2014; West et al., 2015). Therefore, we specu-

late that additional co-sensors are required to increase the DNA
ell Reports 40, 111310, September 6, 2022 ª 2022 The Authors. 1
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binding affinity of cGAS to efficiently mediate antiviral signal

transduction.

DNA-PK is a heterotrimeric protein complex composed of

Ku70, Ku80, and a catalytic subunit (DNA-PKcs), which are en-

coded by XRCC6, XRCC5, and PRKDC, respectively. In addition

to its nuclear localization, DNA-PK is partially localized in the

cytoplasm (Ferguson et al., 2012; Huston et al., 2008). Several

studies have shown that the DNA-PK complex functions as a

DNA sensor to participate in the innate immune response to

DNA virus infection (Burleigh et al., 2020; Ferguson et al.,

2012; Wang et al., 2017; Zhang et al., 2011a). In the DNA-PK

complex, Ku70 and Ku80 form a heterodimer (Ku proteins) that

is important for the stability of each (Gu et al., 1997; Nussenz-

weig et al., 1996). The Ku proteins can directly bind to DNA

and have strong binding affinities (Blier et al., 1993; Walker

et al., 2001). The DNA-PKcs can also bind directly to DNA (Ham-

marsten and Chu, 1998), but its DNA binding affinity is remark-

ably decreased in the absence of the Ku proteins (Singleton

et al., 1999; Yaneva et al., 1997). cGAS and the Ku proteins

can both bind to DNA and are involved in modulating the innate

immune response to DNA virus; however, whether the Ku pro-

teins and cGAS coordinately regulate the innate immune

response to DNA virus remains unclear.

In this study, we identified the Ku proteins as cGAS-interacting

proteins, and the functional analysis suggested that Ku proteins

play important roles in regulating the cGAS-mediated innate im-

mune response. We also demonstrated that Ku proteins signifi-

cantly enhance the DNA binding affinity of cGAS, and subse-

quently enhance cGAS condensation, thus augmenting cGAS

catalytic activity. These findings support the idea that Ku pro-

teins function as co-sensors to regulate the cGAS-mediated

innate immune response to DNA virus infection.

RESULTS

Ku70 and Ku80 are cGAS-interacting factors
To better understand the molecular mechanisms underlying

cGAS-mediated antiviral signal transduction, we identified

cGAS-interacting proteins by co-immunoprecipitation (coIP) fol-

lowed by mass spectrometry assays in HEK293A cells. We used

S-protein-FLAG-streptavidin binding peptide (SFB)-tagged

cGAS as bait (with an empty vector as the control) and identified

a number of proteins that could potentially interact with cGAS.
Figure 1. Ku80 and Ku70 are cGAS-interacting proteins
(A) HEK293A cells were transfected with FLAG-cGAS or empty vector and lysed

analyzed by immunoblotting.

(B) Similar to (A), except that wild-type (WT) and DNA-PKcs knockout HEK293T

(C and D) Purified His-tagged cGAS-GFP protein or His-tagged GFP from E. coliw

His-tagged Ku70 (D) was added to the GFP-bound complexes and incubated for

GFP agarose beads and analyzed by immunoblotting.

(E) THP-1 cells were mock infected or infected by HSV-1 (3 MOI) for 12 h. Then

control IgG and analyzed by immunoblotting.

(F) Cell infection and coIP were performed as in (E), except that STING knockou

(G) Schematic diagram of Ku80 domains (top). HEK293T cells were co-transfec

performed with HA beads and analyzed by immunoblotting (bottom).

(H) Schematic diagram of cGAS domains (top). HEK293T cells were co-transfecte

performed with anti-FLAG M2 agarose beads and analyzed by immunoblotting (

HA, hemagglutinin; IB, immunoblot; IP, immunoprecipitation; WCL, whole-cell ly
Among these proteins, Ku80, Ku70, and DNA-PKcs were of

particular interest because they are key components of the

DNA-PK complex, which has been shown to mediate the innate

immune response to virus infection (Burleigh et al., 2020; Fergu-

son et al., 2012; Zhang et al., 2011a). To validate the data ob-

tained from the mass spectrometry analysis, we transfected

HEK293A cells with FLAG-tagged cGAS and performed addi-

tional coIP assays using anti-FLAG M2 agarose beads. As

shown in Figure 1A, FLAG-cGAS pulled down endogenous

Ku80, Ku70, and DNA-PKcs. Next, we investigated how these

key components of the DNA-PK complex interacted with

cGAS. Because cGAS pulled down Ku80 and Ku70, and

because the Ku proteins and DNA-PKcs form the DNA-PK com-

plex, we next examined whether cGAS associated with the Ku

proteins through DNA-PKcs. For this, we generated DNA-

PKcs-knockout HEK293T cells, and then transfected them with

FLAG-tagged cGAS or an empty vector. The coIP results indi-

cated that DNA-PKcs deficiency had no effect on the association

of cGASwith the Ku proteins, implying that the Ku proteins asso-

ciated with cGAS in a DNA-PKcs-independent manner (Fig-

ure 1B). To determine whether cGAS directly interacted with

Ku70 or Ku80, we performed in vitro pull-down experiments us-

ing purified recombinant His-tagged green fluorescent protein

(His-GFP), His-cGAS-GFP, His-Ku80, or His-Ku70 from Escher-

ichia coli. Using anti-GFP beads, we found that Ku80 and Ku70

were both directly pulled down by cGAS-GFP but not by GFP

(Figures 1C and 1D). Together, these results show that Ku80

and Ku70 directly interact with cGAS.

Next, we conducted endogenous coIP in THP-1 cells using

anti-cGAS antibody to determine whether cGAS associated

with the Ku proteins under both normal physiological and viral

infection conditions. The results showed that Ku80 and Ku70

were in the cGAS immunoprecipitants with or without the infec-

tion of herpes simplex virus type 1 (HSV-1), a DNA virus (Fig-

ure 1E). Interestingly, we found that HSV-1 infection enhanced

the interaction of cGAS with Ku proteins, and the abundance of

cGAS was increased upon HSV-1 infection. To determine

whether this enhanced interaction of cGAS with Ku proteins

was because of increased cGAS abundance or HSV-1 infection,

we repeated the coIP using STING-knockout THP-1 cells inwhich

cGAS was not induced by HSV-1 infection. The results showed

that HSV-1 infection still increased the association of cGAS

with Ku proteins (Figure 1F), indicating that HSV-1 infection
at 24 h after transfection for coIP with anti-FLAG M2 agarose beads and then

cells were transfected.

as incubated with anti-GFP agarose beads for 2 h, then His-tagged Ku80 (C) or

another 4 h. Immunoprecipitated complexes were then pulled down with anti-

, the cell lysates were immunoprecipitated with rabbit anti-cGAS antibody or

t THP-1 cells were used.

ted with FLAG-cGAS and HA-Ku80 or its deletion variants. coIP assays were

d with Myc-Ku80 and FLAG-cGAS or its truncation variants. coIP assays were

bottom).

sate. See also Figure S1.
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augmented the association of cGAS with Ku proteins. Consistent

results were obtained from immunostaining assays (Figure S1A).

These data suggest that Ku proteins were associated with cGAS.

We next performed domain mapping to determine which do-

mains of cGAS and the Ku proteins were required for their inter-

action. Ku proteins contain three domains: an N-terminal von

Willebrand A domain (vWA), a central Ku core domain (Core),

and a C-terminal domain (CTD). The Ku80 CTD contains a

DNA-PKcs binding domain, and the Ku70 CTD contains a distal

SAF-A/B, Acinus and PIAS (SAP) domain (Fell and Schild-

Poulter, 2015; Walker et al., 2001). To identify the Ku80 domain

that interacts with cGAS, we generated three deletion variants

of Ku80 in which the vWA, Core, or CTD domain was deleted.

The coIP results showed that the Ku80 Core domain, but not

the vWA or CTD domain, was required for the Ku80-cGAS inter-

action (Figure 1G). cGAS contains a less-conserved N-terminal

disordered region and a highly conserved C-terminal catalytic

domain that contains nucleotidyltransferase (NTase) and male

abnormal 21 (Mab21) domains (Civril et al., 2013; Sun et al.,

2013). To identify the cGAS domain that interacts with Ku80,

we generated two truncated variants of cGAS, FLAG-cGAS-N

(residues 1–160) and FLAG-cGAS-C (residues 161–522). The

coIP results showed that the cGAS C-terminal catalytic domain,

but not the N-terminal domain, was critical for the cGAS-Ku80

interaction (Figure 1H). Similarly, the coIP results showed that

the Ku70 Core domain and the cGAS CTD were important for

the Ku70-cGAS interaction (Figures S1B and S1C). The Ku70

CTD was also required for the Ku70-cGAS interaction (Fig-

ure S1B). Together, these results suggest that cGAS interacts

with Ku proteins in a domain-dependent manner.

Ku proteins are important for the innate immune
response to DNA virus infection
Having shown that Ku proteins directly interacted with cGAS in a

DNA-PKcs-independent manner, we next investigated the spe-

cific roles of the Ku proteins in cGAS-mediated antiviral

signaling. First, we used the lentivirus-mediated short hairpin

RNA (shRNA) knockdown system to knock down Ku80 in

THP-1 cells. The quantitative PCR (qPCR) analysis showed

that Ku80 knockdown significantly reduced the mRNA levels of

IFNB1, ISG56, and CXCL10 induced by HSV-1 infection or by

transfection with 45-bp IFN stimulatory DNA (ISD) (Figures 2A–

2D). Western blotting showed that Ku80 knockdown reduced

the levels of phosphorylated STING and IRF3 induced by ISD

transfection or HSV-1 infection (Figures 2E and 2F). Next, we

used the lentiCRISPR system to generate stable THP-1 cells tar-
Figure 2. Ku80 is important for the innate immune response to DNA vi

(A–D) THP-1 cells were infected with shRNA lentivirus targeting two different regio

by transfection with ISD (2 mg/mL) for 6 h or infection with HSV-1 (10MOI) for 9 h. T

(B), CXCL10 (C), and Ku80 (D).

(E and F) THP-1 cells stably expressing shRNA targeting Ku80 or control cells wer

then analyzed by immunoblotting.

(G–J) THP-1 cells were transduced with single guide RNA (sgRNA) targeting Ku80

analyzed by qPCR to measure mRNA levels of IFNB1 (G), ISG56 (H), and CXCL1

(K) THP-1 cells were transduced with sgRNA targeting Ku80 or control empty vect

were harvested to measure the virus titer by a plaque assay.

Data shown in (A–D, G–I, K) are from one representative experiment of at least thre

[G–I] and biological replicates in K). *p < 0.05, **p < 0.01, ***p < 0.001, two-tailed
geting Ku80 at the population level by selection with puromycin.

The qPCR assays showed that Ku80 deficiency markedly

reduced themRNA levels of IFNB1, ISG56, andCXCL10 induced

by HSV-1 infection (Figures 2G–2I) or ISD transfection

(Figures S2A–S2C). Consistently, the western blotting results

showed that Ku80 deficiency reduced the levels of phosphory-

lated STING and IRF3 induced by HSV-1 infection (Figure 2J)

or ISD transfection (Figure S2D). Next, to examine whether

Ku80 has a conserved function in the innate immune response

to DNA virus in mouse cells, we knocked down Ku80 in SV40-

immortalized mouse embryonic fibroblasts (MEFs) and obtained

consistent qPCR results upon HSV-1 infection (Figures S2E–

S2H). Given that Ku80 modulated the production of IFNs

induced by DNA virus infection, we investigated whether Ku80

regulated DNA virus replication. Wild-type and Ku80-deficient

THP-1 cells were infected with HSV-1-GFP. As shown in Fig-

ure 2K, virus replication was significantly enhanced in the

Ku80-deficient cells compared with that in the wild-type control

cells. In addition, we sought to investigate whether Ku80 contrib-

uted to the innate immune response to RNA viruses. As shown in

Figures S2I–S2L, Ku80 deficiency did not decrease the mRNA

levels of IFNB1, ISG56, and CXCL10 or the levels of phosphory-

lated IRF3 induced by the infection of Sendai virus, an RNA virus.

Together, these findings suggest that Ku80 specifically plays a

positive role in regulating anti-DNA viral signaling.

Previous studies showed that Ku70 and Ku80worked together

to regulate the DNA double-strand break repair pathway (Ham-

mel et al., 2010; Jackson and Jeggo, 1995). To determine

whether the function of Ku70 was similar to that of Ku80 in regu-

lating the innate immune response against DNA virus infection,

we used Ku70-knockdown or Ku70-deficient THP-1 cells. The

qPCR results clearly showed that Ku70 knockdown or Ku70 defi-

ciency significantly reduced the mRNA levels of IFNB1, ISG56,

and CXCL10 stimulated by ISD transfection or HSV-1 infection

(Figures S3A–S3D and S4A–S4F). Western blotting also showed

that Ku70 knockdown or Ku70 deficiency decreased the levels of

phosphorylated STING and IRF3 induced by ISD transfection or

HSV-1 infection (Figures S3E, S3F, S4G, and S4H). Together,

these data provide evidence that Ku80 and Ku70 both play pos-

itive roles in modulating the innate immune response to DNA vi-

rus infection.

Kuproteins positively regulate cGAS-STING signaling by
targeting cGAS
Given that cGAS, Ku80, and Ku70 were all required for the anti-

viral innate immune responses against DNA virus infection, and
rus infection

ns of Ku80 (shKu80-1, shKu80-2) or its control empty vector (shCon), followed

he cells were harvested for qPCR tomeasure mRNA levels of IFNB1 (A), ISG56

e transfected with ISD (E) or infected with HSV-1 (F) for the indicated times and

or control empty vector and then infected with HSV-1 (10MOI) for 6 and 9 h and

0 (I) or immunoblotted with the indicated antibodies (J).

or and then infected with HSV-1-GFP (5MOI) for 24 h. The culture supernatants

e independent experiments (mean ± SD, n = 3 technical replicates in [A–D] and

Student’s t test. See also Figures S2, S3, and S4.
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that the Ku proteins directly interactedwith cGAS, we next inves-

tigated the functional relationship between cGAS and the Ku

proteins. First, we examined the effects of Ku80 and Ku70 on

the activity of cGAS by reporter assays. HEK293T cells stably ex-

pressing FLAG-STING were co-transfected with cGAS and a

luciferase reporter driven by the IFNb promoter (IFNb-Luc)

together with Ku80, Ku70, or an empty vector. Reporter assays

showed that Ku80 and Ku70 alone did not active the IFNb pro-

moter; however, each of them significantly enhanced the activa-

tion of the IFNb promoter induced by cGAS overexpression in a

dose-dependent manner (Figure 3A). Similar results were ob-

tained when the IFN-stimulated response element (ISRE) and

NF-kB luciferase reporter were tested (Figures 3B and 3C).

Notably, we found that Ku80 overexpression increased the activ-

ity of these promoters induced by cGAS to a much higher level

than Ku70 overexpression did. Next, we examined whether

Ku80 and Ku70 affected the activity of STING by reporter assays

using the ISRE luciferase reporter and found that overexpression

of Ku80 or Ku70 had no effect on the activity of the ISRE reporter

induced by STING overexpression, whereas Ku80 or Ku70 over-

expression increased the activity of the ISRE reporter induced by

co-expression of cGAS and STING (Figures 3D and S5A). To

further determine whether the Ku proteins specifically targeted

cGAS but not STING, we examined whether the Ku proteins

affected the activation of STING induced by cGAMP, which is

synthesized by cGAS and binds to and activates STING. The

qPCR analysis showed that overexpression of Ku80 or Ku70

did not affect the mRNA levels of IFNB1 induced by cGAMP

treatment in HEK293T cells stably expressing FLAG-STING

(Figures 3E and S5B). Next, we knocked down Ku80 in THP-1

cells and found that Ku80 knockdown resulted in significantly

reduced levels of IFNB1 mRNA induced by herring testis DNA

(HT-DNA) stimulation or HSV-1 infection, but not by cGAMP

treatment (Figure 3F). Consistently, the western blotting results

showed that Ku80 knockdown did not affect the levels of phos-

phorylated STING or IRF3 upon cGAMP treatment, whereas

Ku80 knockdown had reduced effects on these factors upon

ISD and HT-DNA stimulation (Figure 3G). We also knocked

down Ku80 in cGAS-knockout THP-1 cells, then stimulated

with HSV-1 infection, and found that, unlike in wild-type cells,

knockdown of Ku80 in the cGAS-knockout cells did not reduce

the mRNA levels of IFNB1 induced by HSV-1 infection

(Figures 3H and S5C). In addition, the coIP results showed that
Figure 3. Ku proteins target cGAS to positively regulate antiviral signa
(A–C) HEK293T cells stably expressing FLAG-STING were co-transfected with th

(C) reporter. Cell lysates were analyzed by luciferase (top) and immunoblotting (b

(D) HEK293T cells were transfected with the indicated plasmids and ISRE-Luc

(bottom) assays.

(E) HEK293T cells stably expressing FLAG-STINGwere transfected with increasin

stimulated with cGAMP (25 ng/mL) for 4 h and analyzed by qPCR (top) and imm

(F) THP-1 cells stably expressing shRNA targeting Ku80 or control cells were stimu

HSV-1 (10 MOI) for 9 h, and then analyzed by qPCR to quantify IFNB1 mRNA.

(G) Similar to (F), except the cells were treated with ISD, HT-DNA, and cGAMP,

(H) Wild-type and cGAS knockout THP-1 cells were infected with shRNA lentiviru

(10 MOI) for 9 h. IFNB1 mRNA was quantified by qPCR.

(I) HEK293T cells were co-transfected with the indicated plasmids and then ana

Data shown in (A–F and H) are from one representative experiment of at least thre

technical replicates in [E, F, and H]). *p < 0.05, **p < 0.01, ***p < 0.001; n.s., not
Ku80 and Ku70 specifically pulled down cGAS but not STING un-

der the same coIP conditions (Figure 3I). Together, these results

suggest that Ku proteins act upstream of cGAMP, and target

cGAS to modulate cGAS-cGAMP-STING signaling.

Ku proteins augment the enzymatic activity of cGAS by
promoting its DNA binding
We next investigated the possibility that Ku proteins positively

regulate cGAS signaling by promoting its catalytic activity, lead-

ing to increased production of cGAMP. First, we examined

whether Ku80 or Ku70 knockdown affected cGAS activity

induced byHT-DNA stimulation or HSV-1 infection in THP-1 cells

and found that the production of cGAMP in Ku80- or Ku70-

knockdown cells was significantly lower than it was in control

cells (Figures 4A, 4B, and S5D). To exclude the influences of

STING and its downstream signaling on the cGAS activity, we

employed STING-knockout THP-1 cells, and found that even in

the absence of STING, knockdown of Ku80 or Ku70 still reduced

cGAMP production induced by HSV-1 infection (Figure S5D).

Next, we used purified recombinant cGAS, Ku80, and Ku70

from E. coli and performed in vitro cGAMP synthesis assays by

incubating cGAS with ATP, GTP, and HT-DNA in the presence

or absence of Ku80 or Ku70. The results indicated that Ku80

significantly enhanced the production of cGAMP by cGAS

upon HT-DNA stimulation, whereas, compared with Ku80, a

high concentration of Ku70 was needed to increase cGAS activ-

ity (Figure 4C). Together, these results demonstrate that Ku80

and Ku70 both significantly promote cGAS signaling by regu-

lating catalytic activity, especially Ku80.

Next, we investigated the molecular mechanism underlying

how Ku proteins enhanced cGAS activity. Because Ku proteins

and cGAS can bind to DNA, we hypothesized that Ku proteins

likely affected the binding affinity of cGAS to DNA. To test this

idea, we knocked down Ku80 or Ku70 in THP-1 cells and then

transfected the cells with biotin-labeled ISD and performed

pull-down experiments using streptavidin-Sepharose beads.

As shown in Figure 4D, less cGAS was pulled down in the

Ku80- or Ku70-knockdown cells than was pulled down in the

control cells. Notably, knockdown of Ku70 or Ku80 resulted in

destabilization of the other, which is consistent with previous re-

sults (Ferguson et al., 2012; Gu et al., 1997; Nussenzweig et al.,

1996). Similar results were obtained when Ku80 was knocked

down in MEFs (Figure S6A). Consistently, depletion of Ku80
ling
e indicated expression plasmids and IFNb-Luc (A), ISRE-Luc (B), or NF-kB-Luc

ottom) assays.

reporter. Cell lysates were analyzed by luciferase (top) and immunoblotting

g doses of Myc-Ku80 or empty vector. At 24 h after transfection, the cells were

unoblotting (bottom).

lated with cGAMP (1 ng/mL) for 4 h or HT-DNA (1 mg/mL) for 6 h, or infectedwith

followed by immunoblotting analysis.

s targeting Ku80 or control empty vector for 48 h and then infected with HSV-1

lyzed by coIP with anti-FLAG M2 agarose beads and immunoblotting.

e independent experiments (mean ± SD, n = 3 biological replicates in [A–D] and

significant; two-tailed Student’s t test. See also Figure S5.
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Figure 4. Ku proteins augment cGAS cata-

lytic activity by promoting cGAS-DNAbinding

(A and B) Ku80- (A) or Ku70- (B) knockdown and

control THP-1 cells were stimulated with HT-DNA

(1 mg/mL) for 6 h. The cells were harvested for

cGAMP measurement by ELISA (top) and immu-

noblotting assay (bottom).

(C) Recombinant cGAS (0.5 mM) and GFP (4 mM),

Ku80 (0.9 mM), or Ku70 (0.9 or 4 mM) were incubated

with HT-DNA (0.2 mg/mL). cGAMP production was

measured by ELISA.

(D) Ku80- or Ku70-knockdown and control THP-1

cells were transfected with biotin-ISD (1 mg/mL) for

2 h. The cell lysates were incubated with streptavi-

din-Sepharose beads for 4 h and analyzed by

immunoprecipitation and immunoblotting.

(E) Similar to (D), except wild-type and Ku80-defi-

cient HeLa cells were used.

(F) Recombinant cGAS protein (3.4 nM) together

with GFP (100 nM), Ku80 (5 nM), or Ku70 (5 or

100 nM) was incubated with streptavidin-Sephar-

ose beads with or without biotin-ISD (1 mg) for 3 h

and then pulled down with streptavidin-Sepharose

beads and analyzed by immunoblotting.

(G) Recombinant GFP (5.5 nM) or Ku80 (2.75 or

5.5 nM) was incubated with or without cGAS

(100 nM) in the presence of Cy5-ISD (1.25 mM) and

analyzed by EMSA to measure cGAS-DNA binding

ability.

Data shown in (A–C) are from one representative

experiment of at least three independent experi-

ments (mean ± SD, n = 2 biological replicates).

*p < 0.05, **p < 0.01, two-tailed Student’s t test. See

also Figure S6.

Article
ll

OPEN ACCESS
remarkably reduced the binding ability of cGAS to DNA in HeLa

cells (Figure 4E). The in vitro biotin-ISD pull-down assays also

supported the findings that Ku80 and Ku70 enhanced the bind-

ing of cGAS to ISD and that the effect of Ku80 was stronger than

that of Ku70 (Figure 4F). To further confirm these results, we per-

formed an electrophoretic mobility shift assay (EMSA) using pu-

rified recombinant cGAS, Ku80, and Ku70 from E. coli, and

consistently found that Ku80 and Ku70 both promoted DNA

binding of cGAS, but compared with Ku80, a high concentration

of Ku70 was needed (Figures 4G and S6B). Together, these find-

ings demonstrate that Ku80 plays a predominant role in efficient

DNA binding and activation of cGAS.

Ku proteins promote cGAS condensation
Previous studies have shown that cGAS can form dimers and un-

dergo aggregation after detecting cytosolic DNA (Du and Chen,

2018; Li et al., 2013a; Zhang et al., 2014). Based on our finding

that Ku80 and Ku70 significantly increased DNA binding of
8 Cell Reports 40, 111310, September 6, 2022
cGAS, we next investigated whether Ku80

and Ku70 modulated cGAS condensation.

First, HEK293T cells were co-transfected

with a mixture of hemagglutinin (HA)-cGAS

and FLAG-cGAS together with Ku80,

Ku70, or an empty vector, followed by

coIPassays. As shown inFigure 5A, overex-
pression of Ku80 or Ku70 enhanced the self-association of cGAS,

but Ku70 had a much weaker effect than Ku80. To confirm these

results, we performed semi-denaturing detergent agarose gel

electrophoresis (SDD-AGE) assays to detect cGAS condensation.

The results showed that Ku80 overexpression dramatically pro-

moted cGAS condensation in a dose-dependent manner, and

that although Ku70 overexpression also promoted cGAS conden-

sation, theeffectwasmuchweaker (Figure5B). Inaddition,weper-

formed immunostainingassaysand found thatcGASformedfewer

granules in Ku80- or Ku70-knockdownHeLa cells than it did in the

control HeLa cells (Figure 5C). A similar result was found in Ku80-

deficient HeLa cells (Figure 5D). Together, these results confirm

that Ku proteins augment cGAS condensation.

Core domain of Ku proteins plays an important role in
regulating cGAS activation
Our coIP experiments indicated that the Core domain of Ku80

and Ku70 was required for the interaction of cGAS with Ku



Figure 5. Ku proteins promote cGAS condensation

(A) HA-tagged cGAS and FLAG-tagged cGAS were co-transfected into HEK293T cells with increased doses of Ku80 or Ku70 expression plasmid. After 24 h of

transfection, the cells were lysed for coIP and immunoblotting assays.

(B) HEK293T cells were co-transfected with the indicated plasmids. Cell lysates were resolved by SDD-AGE and SDS-PAGE and analyzed by immunoblotting.

(C) HeLa cells stably expressing shRNA targeting Ku80 or Ku70 or control empty vector (left) were treated with HT-DNA (1 mg/mL) for 6 h, followed by immu-

nofluorescence analysis of cGAS (green, middle). Scale bars, 10 mm. The percentage of cells with cGAS foci was quantified, and more than 100 cells from each

group were analyzed (right).

(D) Similar to (C), except wild-type and Ku80-deficient HeLa cells were used. Data shown in (C and D) are from one representative experiment of at least three

independent experiments (mean ± SD, n = 3 biological replicates). ***p < 0.001, two-tailed Student’s t test.
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proteins, and thereforeweexaminedwhether theKuproteinCore

domain was required for the regulatory role of Ku proteins in

modulating cGAS activity. First, we performed reporter assays

and found that Ku80-DCore did not promote the activation of

cGAS-STING, whereas Ku80-DvWA and Ku80-DCTD promoted

the activation of cGAS-STING in away similar to that of full-length

Ku80 (Figure 6A). Second, we performed in vitro cGAMP synthe-

sis assays to investigate whether the Ku80 Core domain was

required for regulating cGAS activity using purified Ku80-DCore

from E. coli. The results showed that, unlike wild-type Ku80,

Ku80-DCore did not enhance cGAMP production induced by

HT-DNA (Figure 6B),which suggested that theKu80Coredomain

played an important role in increasing cGAS activity by interact-

ing with cGAS. Third, we performed EMSA to investigate the

role of the Ku80 Core domain in regulating cGAS-DNA binding.

As shown in Figure 6C, unlike wild-type Ku80, Ku80-DCore did

not enhance cGAS-DNA binding. Fourth, we performed in vitro

biotin-ISD pull-down assay, and obtained consistent results (Fig-

ure 6D). Fifth, we compared the effects of wild-type Ku80 and its

deletion variants on cGAS self-association and found that, unlike

wild-type Ku80, Ku80-DvWA, and Ku80-DCTD, the Ku80-DCore

variant did not increase cGAS self-association (Figure 6E). In

addition, the SDD-AGE results showed that Ku80-DCore did

not enhance cGAS condensation (Figure 6F). Similarly, we found

that, unlike wild-type Ku70, the Ku70-DCore variant did not in-

crease cGAS condensation (Figure 6G). Ku70-DCTD also did

not enhance cGAS condensation (Figure 6G), which was consis-

tent with the coIP results that showed that the Ku70Core domain

and CTD were involved in regulating the cGAS-Ku70 interaction.

Together, these results support the conclusion that the Ku Core

domain plays a critical role in mediating the interaction of the

Ku protein with cGAS and in augmenting cGAS-DNA binding, re-

sulting in enhanced cGAS condensation and activity.

Ku proteins have DNA-PKcs-independent roles in
regulating cGAS-STING signaling
DNA-PKcs has been shown to play an important role in regulating

antiviral immune defense against DNA virus infection; however,

its function remains controversial (Ferguson et al., 2012; Sun

et al., 2020). To determine the precise role of DNA-PKcs in anti-

DNA viral signaling, we knocked down DNA-PKcs in THP-1 cells

and found that its knockdown significantly decreased the mRNA

levels of IFNB1, ISG56, and CXCL10 stimulated by HSV-1 infec-

tion and ISD transfection (Figures S7A–S7D). To confirm the

knockdown results, we generated DNA-PKcs-knockout THP-1
Figure 6. Core domain of Ku proteins plays an important role in regula
(A) HEK293T cells stably expressing FLAG-STING were co-transfected with the

lysates were analyzed by luciferase (top) and immunoblotting (bottom) assays.

(B) Recombinant cGAS (0.5 mM) and GFP (0.45 or 0.9 mM), Ku80 (0.45 or 0.9 mM

cGAMP production was measured by ELISA.

(C) Recombinant GFP (5.5 nM), Ku80 (5.5 nM), or Ku80-DCore (5.5 nM) was incub

reaction mixtures were analyzed by EMSA to measure cGAS-DNA binding ability

(D) Recombined cGAS protein (3.4 nM) together with GFP (5 nM), Ku80 (5 nM), or

without biotin-ISD (1 mg) for 3 h and subjected to immunoprecipitation and immu

(E) HEK293T cells were co-transfected with the indicated plasmids and lysed for

(F and G) HEK293T cells were transfected with the indicated plasmids. Cell lysates

Data shown in (A and B) are from one representative experiment of at least three in

biological replicates in [B]). *p < 0.05, ***p < 0.001; n.s., not significant; two-taile
cells and found that the mRNA levels of IFNB1, ISG56, and

CXCL10 were significantly reduced in the DNA-PKcs-knockout

cells compared with their levels in control cells following stimula-

tion with ISD transfection (Figures 7A–7C). These data suggest

that DNA-PKcs positively regulates the innate immune response

against DNA virus infection.

DNA-PKcs forms a heterotrimer with Ku proteins and regu-

lates DNA double-strand break repair and V(D)J recombination

(Chaplin et al., 2021; Singleton et al., 1999), and therefore we

investigated whether Ku80 and Ku70 regulation of cGAS-STING

signaling was dependent on DNA-PKcs. First, we knocked down

Ku80 in DNA-PKcs-knockout THP-1 cells and then we stimu-

lated with ISD. The results showed that knockdown of Ku80 in

DNA-PKcs-knockout cells still reduced the mRNA levels of

IFNB1 induced by ISD (Figures 7D–7F). Consistently, we found

that knockdown of Ku80 or Ku70 still attenuated cGAMP pro-

duction induced by HSV-1 infection in DNA-PKcs-knockout

THP-1 cells (Figure S7E). Next, DNA-PKcs-knockout HEK293T

cells were co-transfected with cGAS, STING, and Ku70, Ku80,

or empty vector, followed by reporter assays. The results in Fig-

ure 7G show that in the absence of DNA-PKcs, overexpression

of Ku80 or Ku70 still enhanced cGAS activity. The SDD-AGE as-

says also showed that DNA-PKcs knockout had no obvious ef-

fect on the increased cGAS condensation induced by overex-

pression of Ku70 or Ku80 (Figure 7H). Combined with the coIP

results, which showed that depleting DNA-PKcs had no effect

on the association of cGAS with Ku proteins, these results sug-

gest that the Ku proteins have a DNA-PKcs-independent func-

tion in regulating cGAS-STING signaling.

DISCUSSION

Innate immune responses to virus infection are triggered by the

recognition of viral nucleic acids by pattern recognition receptors

(Akira et al., 2006; Brubaker et al., 2015; Medzhitov, 2007). For

DNA viruses, the pattern recognition receptors contain TLR9 in

the endosome (Lund et al., 2003) and a variety of cytosolic re-

ceptors, such as DAI, AIM2, IFI16, DDX41, DNA-PK, MRE11,

STING, SOX2, PQBP1, and cGAS (Burdette et al., 2011; Fergu-

son et al., 2012; Gray et al., 2016; Kondo et al., 2013; Sun

et al., 2013; Takaoka et al., 2007; Unterholzner et al., 2010; Xia

et al., 2015; Yoh et al., 2015; Zhang et al., 2011b). Among these,

cGAS was identified as a major cytosolic sensor that detects

foreign DNA from invading microbes or self-DNA and has been

shown to play a critical role in innate immune responses to virus
ting cGAS activation
indicated plasmids, as well as IFNb-Luc and Renilla reporter plasmids. Cell

), or Ku80-DCore (0.45 or 0.9 mM) were incubated with HT-DNA (0.2 mg/mL).

ated with or without cGAS (100 nM) in the presence of Cy5-ISD (1.25 mM). The

.

Ku80-DCore (5 nM) was incubated with streptavidin-Sepharose beads with or

noblotting analysis.

immunoprecipitation and immunoblotting analysis.

were resolved by SDD-AGE and SDS-PAGE and analyzed by immunoblotting.

dependent experiments (mean ± SD, n = 3 biological replicates in [A] and n = 2

d Student’s t test.
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Figure 7. Ku proteins have DNA-PKcs-independent roles in regulating cGAS-STING signaling

(A–C) Wild-type (WT) and DNA-PKcs-knockout THP-1 cells were treated with ISD (2 mg/mL) for 6 h, followed by qPCR to quantify the mRNA levels of IFNB1 (A),

ISG56 (B), and CXCL10 (C).

(D–F) WT and DNA-PKcs-knockout THP-1 cells were infected with shRNA lentivirus targeting Ku80 or control empty vector for 48 h and then transfected with ISD

(2mg/mL) for 6 h. Thecellswere harvested for qPCRtomeasure themRNA levelsof IFNB1 (D) andKu80 (E) or for immunoblotting todetectDNA-PKcsabundance (F).

(legend continued on next page)
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infection and autoimmunity (Collins et al., 2015; Gao et al., 2015;

Li et al., 2013b; Schoggins et al., 2014; West et al., 2015). How-

ever, the regulatory mechanism of cGAS activity and the relation

between cGAS and other DNA sensors were still unclear. In this

study, we screened for cGAS-interacting proteins by coIP com-

binedwithmass spectrometry assays and found that Ku proteins

associated with cGAS through their Core domain. Functional

analysis indicated that Ku proteins were required for full cGAS

activity. We also provided evidence that Ku70 and Ku80 both

augmented cGAS-DNA binding, leading to enhanced cGAS

condensation and catalytic activity and subsequently increasing

the efficiency of cGAS in the innate immune response to DNA vi-

rus infection.

Previous studies showed that the DNA-PK complex was

involved in regulating innate immune signaling against DNA virus

infection; however, the reported function and regulatory mecha-

nism were controversial. A previous study showed that DNA-PK

functioned upstream of STING and modulated IRF-3 activation

independent of kinase activity (Ferguson et al., 2012). Another

study showed that DNA-PK was found to activate STING-inde-

pendent DNA sensing signaling in human cells (Burleigh et al.,

2020). Unlike the positive roles in antiviral signaling described

above, a recent study showed that DNA-PKcs phosphorylated

cGAS and suppressed cGAS-mediated antiviral innate immune

responses (Sun et al., 2020). In the present study, we found

that the DNA-PK complex was a positive modulator in innate im-

mune signaling against DNA virus infection. Interestingly, we

found that Ku proteins associated with cGAS even in DNA-

PKcs-knockout cells, and Ku proteins directly interacted with

cGAS. These findings suggested that Ku proteins probably

mediated cGAS activity in a DNA-PKcs-independent manner.

Furthermore, the results of several additional experiments sup-

ported this possibility. First, the qPCR results showed that

knockdown of Ku80 in DNA-PKcs-knockout cells still reduced

the mRNA levels of IFNB1 induced by ISD. Second, reporter as-

says demonstrated that overexpression of Ku80 or Ku70 still

enhanced cGAS activity in the absence of DNA-PKcs. Third,

SDD-AGE assays showed that DNA-PKcs deficiency had no ef-

fect on the increased cGAS condensation induced by overex-

pression of Ku70 or Ku80. Together, these findings suggest

that Ku proteins can mediate cGAS-STING signaling in a DNA-

PKcs-independent manner. Thus, in this study, we focused

mainly on the role and regulatory mechanism of the Ku proteins

in cGAS-STING signaling. The results of our various experiments

demonstrated that the Ku proteins targeted cGAS to mediate

cGAS-STING signaling. First, the coIP results showed that the

Ku proteins associated with cGAS but not with STING. Second,

the reporter assays indicated that overexpression of Ku70 and

Ku80 significantly increased the activity of the ISRE reporter

induced by co-expression of cGAS and STING, but not by over-

expression of STING alone. Third, knockdown or deficiency of
(G) WT and DNA-PKcs-knockout HEK293T cells were transfected with the indicat

(bottom) assays.

(H) WT and DNA-PKcs-knockout HEK293T cells were transfected with the indic

PAGE and analyzed by immunoblotting.

Data shown in (A–E and G) are from one representative experiment of at least thre

biological replicates in [G]). **p < 0.01, ***p < 0.001, two-tailed Student’s t test. S
Ku80 reduced IFNB1 production induced by HT-DNA or HSV-1

but not by cGAMP. In addition, we found that knockdown of

Ku80 failed to reduce IFNB1 production induced by HSV-1 in

cGAS knockout cells. Together, these data suggest that the Ku

proteins specifically target cGAS and act upstream of STING

to modulate cGAS-mediated signaling.

cGAS was reported to have poor DNA binding affinity (Jons-

son et al., 2017; Kranzusch et al., 2013; Li et al., 2013a; Zhang

et al., 2014) and to act as a major DNA sensor to detect low

amounts of foreign DNA from invading microbes or self-DNA in

the cytosol leaked from nuclear or mitochondrial compartments

(Collins et al., 2015; Gao et al., 2015; Li et al., 2013b; Schoggins

et al., 2014;West et al., 2015). Thus, these features of cGAS raise

the possibility that there may be co-sensors that act to increase

the DNA binding affinity of cGAS. In previous studies, ZCCHC3

and PCBP1 were reported to serve as co-sensors by enhancing

the ability of cGAS and DNA to bind (Lian et al., 2018; Liao et al.,

2021). In this study, there were several lines of evidence to sup-

port that the Ku proteins increased the binding of cGAS to DNA.

First, Ku80 or Ku70 knockdown remarkably decreased the bind-

ing ability of cGAS to DNA. Second, in vitro biotin-ISD pull-down

assays showed that Ku80 and Ku70 enhanced the binding of

cGAS to ISD. Third, EMSA results also showed that the Ku pro-

teins increased the DNA binding affinity of cGAS. These data

suggest that the Ku proteins function as co-sensors of cGAS

to effectively detect pathogen DNA in the cytosol, resulting in

cGAS condensation and subsequently increasing cGAS activity.

Previous studies have indicated that the Ku proteins and cGAS

play important roles in DNA repair and cancer development

(Fell and Schild-Poulter, 2015; Gullo et al., 2006; Liu et al.,

2018); however, whether cGAS is regulated by the Ku proteins

in these two processes needs further investigation.

In summary, we identified Ku proteins as positive modulators

of the cGAS-mediated signaling pathway. The Ku proteins inter-

acted with cGAS and promoted the DNA binding affinity of cGAS

and then augmented its condensation, resulting in the enhance-

ment of cGAS activity. Our data provide insights into the effective

regulatory mechanism of cGAS-mediated innate immune

signaling.

Limitations of the study
The current work has the following limitations: (1) we do not show

the detailed molecular basis of how Ku proteins promote the

cGAS binding to DNA; (2) because Ku70 and Ku80 form a heter-

odimer and the two proteins reciprocally depend on each other

for stability, it is difficult to dissect the individual functions of

Ku80 and Ku70 in regulating cGAS signaling in vivo; (3) in this

work, there are no Ku-deficient mouse models to demonstrate

that Ku proteins play a regulatory role in cGAS-STING signaling

under physiological conditions. These issues require further

investigation.
ed plasmids. Cell lysates were analyzed by luciferase (top) and immunoblotting

ated expression plasmids. Cell lysates were resolved by SDD-AGE and SDS-

e independent experiments (mean ± SD, n = 3 technical replicates in [A–E] and

ee also Figure S7.
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Bacterial and virus strains

E. coli BL21 (DE3) AlpaLife Cat#: KTSM104L

HSV-1 Daxing Gao, University of Science and

Technology of China

N/A

HSV-1-GFP Daxing Gao, University of Science and

Technology of China

N/A

SeV This paper N/A

Chemicals, peptides, and recombinant proteins

polyethylenimine (PEI) Polysciences Cat#: 24765-2

Lipofectamine 2000 reagent Invitrogen Cat#: 11668-019

cGAMP Invivogen Cat#: TLRL-NACGA

ATP Sigma-Aldrich Cat#: A2383

GTP Sigma-Aldrich Cat#: G8877

HT-DNA Sigma-Aldrich Cat#: D6898
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Benzonase Yeasen Cat#: 20157ES60

Normal Rabbit IgG Sigma-Aldrich Cat#: 12-370

Protein A/G UltraLink� Resin Pierce Cat#: 53133

Streptavidin-Sepharose beads GE Healthcare Cat#: 17-5113-01

ANTI-FLAG � M2 Affinity Gel beads Sigma-Aldrich Cat#: A2220

Anti-GFP Nanobody Agarose beads AlpaLife Cat#: KTSM1301

Ni-Sepharose beads GE Healthcare Cat#: 17-5318-02

Anti-HA Magnetic beads Pierce Cat#: 88837

S-protein Agarose beads Millipore Cat#: 69704

Critical commercial assays

2030 cGAMP ELISA Kit Cayman Cat#: 501700

HiScript III First-Strand cDNA Synthesis kit Vazyme Cat#: R312-02

Deposited data

Mass spectrometry data of cGAS interacting

proteins

This paper dataset identifier "PXD023597

[http://www.ebi.ac.uk/pride/archive/

projects/PXD023597]".

Experimental models: Cell lines

THP-1 ATCC TIB-202

HEK293T ATCC CRL-11268

HEK293A Hongyu Deng, Institute of Biophysics,

Chinese Academy of Sciences

N/A

HeLa ATCC CCL-2

Vero ATCC CCL-81

immortalized MEF This paper N/A

HEK293T stably expressing Flag-STING This paper N/A

Ku80 deficiency THP-1 This paper N/A

Ku70 deficiency THP-1 This paper N/A

DNA-PKcs knockout THP-1 This paper N/A

DNA-PKcs knockout HEK293T This paper N/A

cGAS knockout THP-1 This paper N/A

STING knockout THP-1 This paper N/A

Oligonucleotides

ISD:sense 50-TACAGATCTACTAGTG

ATCTATGACTGATCTGTACATGATCTACA-30
This paper N/A

sgRNA and shRNA, see Table S2 This paper N/A

primers for qPCR, see Table S3 This paper N/A

Recombinant DNA

IFNb-Luc Hongbing Shu, Wuhan University N/A

ISRE-Luc Hongbing Shu, Wuhan University N/A

NF-kB-Luc Zhijian Chen, University of Texas,

Southwestern Medical Center at Dallas

N/A

Other recombinant DNA used in this study are

listed in Table S1

This paper N/A

Software and algorithms

GraphPad Prism 8 GraphPad https://www.graphpad.com/guides/prism/

8/user-guide/tips_for_using_prism.htm

ImageJ NIH https://imagej.nih.gov/ij/download.html

NIS-Elements AR Analysis 5.20.00 NIKON https://www.microscope.healthcare.

nikon.com/products/software/

nis-elements

Imaris 9.5.1 IMARIS https://imaris.oxinst.com/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Qinmiao

Sun (qinmiaosun@ioz.ac.cn).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact without restriction.

Data and code availability
d The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner re-

pository (Vizcaino et al., 2016) with the dataset identifier PRIDE database: PXD023597.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
HEK293T, THP-1, HeLa, and Vero cells were purchased from ATCC. HEK293A was kindly provided by Dr. Hongyu Deng (Institute of

Biophysics, Chinese Academy of Sciences). Immortalized MEF cells were established by overexpression of SV40 large T antigen in

primary MEF cells.

HEK293T, HEK293A, HeLa, Vero, and immortalized MEF cells were cultured in Dulbecco’s modified Eagle’s medium (Invitrogen)

containing 10% (v/v) fetal bovine serum (Invitrogen) and 1% streptomycin and penicillin. THP-1 cells were cultured in RPMI-1640

containing 10% fetal bovine serum, 1% streptomycin and penicillin, 10mM HEPES, and 10 mM b-mercaptoethanol. All cells were

maintained at 37�C in the presence of 5% CO2 in a humidified incubator. No methods were used for cell line authentication.

METHOD DETAILS

Plasmids and transfection
The information of all plasmids used in this studywas listed in key resources table and Table S1. cDNA encoding cGAS, STING, Ku80,

Ku70, or GFP were amplified by PCR using corresponding primers and inserted into pCDH-Flag, pCDH-SFB, pcDNA3.0-Flag,

pcDNA3.0-HA, pEF-IRES-puro-Myc, or pEF-IRES-puro-HA vector for expression in mammalian cells or pET28a-His vector for

expression in bacteria. For construction of cGAS, Ku70, and Ku80 mutants, DNA fragments encoding cGAS truncation mutants,

Ku80 or Ku70 deletion mutants were subcloned into vectors as indicated. For construction of pET28a-His-cGAS-GFP plasmid,

DNA fragments encoding cGAS and GFP were assembled to linearized pET28a-His vector using homologous recombination.

Plasmids were transfected into HEK293T cells with polyethylenimine (PEI) (Polysciences) or Lipo2000 (Invitrogen). ISD and HT-

DNA were transfected with Lipo2000.

Luciferase reporter assay
A firefly luciferase reporter plasmid encoding IFNb-Luc, NF-kB-Luc, or ISRE-Luc and a Renilla reporter plasmid were co-transfected

into HEK293T cells together with the indicated expression plasmids with PEI. An empty control plasmid was added at the same time

to ensure that the same amount of total DNAwas transfected. At 24 h following transfection, the cells were lysed for luciferase assays

and luciferase activity normalized to Renilla activity was measured.

Purification of protein from E. coli

pET28a-His-GFP, pET28a-His-cGAS-GFP, pET28a-His-cGAS, pET28a-His-Ku80, pET28a-His-Ku80-DCore, and pET28a-His-Ku70

plasmids were transformed into E. coli BL21 (DE3). After overnight induction with 1 mM IPTG at 16�C, the cells were harvested and

sonicated in lysis buffer (20 mM Tris-Cl pH 8.0, 500 mM NaCl, 10 mM imidazole, 0.2 mM PMSF), then centrifuged at 13,000 3 g for

30 min at 4�C. The supernatant was incubated with Ni-Sepharose beads for 3 h at 4�C. After washing with buffer (20 mM Tris-Cl pH

8.0, 500 mM NaCl, 20 mM imidazole) three times, the bound protein was eluted with elution buffer (20 mM Tris-Cl pH 8.0, 300 mM

NaCl, 300 mM imidazole). The proteins were dialyzed with TBS buffer (20 mM Tris-Cl pH 7.5, 150 mM NaCl, 10% glycerol) and used

for the in vitro assays.

In vivo and in vitro Co-IP and immunoblotting analysis
For the in vivo exogenous Co-IP assay, the transfected cells were lysed in Co-IP lysis buffer (0.5% Triton X-100, 20 mM Tris-HCl pH

7.5, 150 mM NaCl, 10% glycerol, 1 mM EDTA). Clarified cell lysates were incubated with anti-FLAG M2 agarose beads or anti-HA

beads for 4 h at 4�C. The immunoprecipitated complexes were washed with lysis buffer containing 300 mM NaCl three times and
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subjected to immunoblotting analysis. For the semi-endogenous Co-IP, cell lysates were incubated with anti-FLAG M2 agarose

beads overnight at 4�C. The immunoprecipitated complexes were washed with lysis buffer containing 150 mM NaCl three times

and subjected to immunoblotting. For the endogenous Co-IP, cell lysates were incubated with cGAS antibody or IgG overnight at

4�C, and then incubated with protein A/G beads for 2 h. The immunoprecipitated complexes were washedwith lysis buffer containing

150 mM NaCl three times and subjected to immunoblotting.

For the in vitro Co-IP, recombinant cGAS-GFP protein or GFP protein was incubated with anti-GFP agarose beads in Co-IP lysis

buffer for 2 h. Then, the beads were washed with lysis buffer containing 150 mM NaCl three times and resuspended in Co-IP lysis

buffer. Recombinant Ku80 or Ku70 protein was added to the GFP-bound complexes and incubated for another 4 h. The immunopre-

cipitated complexes were washed with lysis buffer containing 300 mMNaCl three times and subjected to immunoblotting. The gray-

scale value was determined by ImageJ.

In vivo and in vitro cGAS–DNA binding assay
For the in vivo cGAS–DNA binding assay, the cells were transfected with biotin-ISD (1 mg/mL). Then, 2 h after transfection, the cells

were lysed with TAP buffer (50 mM Tris-HCl pH 7.5, 100 mM NaCl, 5% glycerol, 0.2% NP-40, 1.5 mMMgCl2) for 30 min, and centri-

fuged at 13,0003 g for 15 min at 4�C. The supernatants were incubated with Streptavidin-Sepharose beads for 4 h and washed with

TAP buffer three times and subjected to immunoblotting.

For the in vitro cGAS–DNA binding assay, biotin-ISD was incubated with Streptavidin-Sepharose beads for 2 h, washed with TAP

buffer three times, and resuspended in TAP buffer. Recombinant cGAS together with Ku80, Ku80-DCore, or Ku70were added to ISD-

bound complexes and incubated for another 3 h, washed with TAP buffer three times, and subjected to immunoblotting.

Semi-denaturing detergent agarose gel electrophoresis (SDD-AGE)
HEK293T cells were transfected with the indicated expression plasmids. After 24 h, the cells were lysed in buffer (0.5% Triton X-100,

20 mM Tris-HCl pH 7.5, 150 mM NaCl, 10% glycerol, 1 mM EDTA) for 30 min, and then centrifuged at 13,000 3 g for 15 min at 4�C.
The supernatants were mixed in 13 SDD loading buffer (0.53 TBE, 10% glycerol, 2% SDS, 0.0025% bromophenol blue) and loaded

onto a vertical 2% agarose gel (13 TBE, 2% agarose). Electrophoresis was performed in the 13 TBE running buffer (13 TBE, 0.1%

SDS) for 35 min at 4�C with a constant voltage of 100 V and analyzed by immunoblotting.

Immunofluorescence assays
HeLa cells were seeded on gelatin-coated glass coverslips in 12-well plates and transfected with HT-DNA (2 mg/mL). The cells were

washed with phosphate-buffered saline, fixed with 4% paraformaldehyde for 15 min, permeabilized with 0.2% Triton X-100 for

10 min, and blocked with 5% (w/v) bovine serum albumin for 30 min. Then, the cells were incubated with primary and secondary

antibodies. Imaging was captured using an Andor Dragonfly 505 laser scanning system and images were analyzed by Imaris

9.5.1. For quantitative co-localization analysis, images were acquired with a Nikon A1 confocal microscope. Pearson’s correlation

coefficient was measured using NIS-Elements AR analysis 5.20.00 software.

Antibodies
The information of antibodies used in this study was listed in key resources table. All antibodies were applicable for immunoblotting.

Rabbit monoclonal anti-cGAS (Cat#: 79978S) and mouse monoclonal anti-Ku80 (Cat#: ab119935) were used in immunofluores-

cence. Rabbit monoclonal anti-cGAS (Cat#: 15102S) was used in immunoprecipitation.

Viral plaque assay
Wild-type and Ku80-deficient THP-1 cells were infected with HSV-1-GFP at a multiplicity of infection of 5 for 24 h, and the culture

supernatants were collected and diluted to infect Vero cells. After 72 h, the Vero cells were fixed with methanol for 30min and stained

with 1% crystal violet. Plaques were counted to quantitate the viral titers as plaque-forming units per mL (p.f.u/mL).

Lentivirus-mediated generation of stable cell lines
To establish HEK293T cells with stable expression of STING, HEK293T cells were infected with lentivirus particles, which were pro-

duced by co-transfection with pCDH-Flag-STING, and packaging plasmids pSPAX2 and pMD2.G, and then selected with

puromycin.

To generate Ku80, Ku70, and DNA-PKcs knockdown cells, we used pLKO.1-puro-based lentivirus expressing specific short

hairpin RNAs (shRNAs) against the target gene. THP-1, HeLa, or MEF cells were infected with shRNA lentivirus targeting Ku80,

Ku70, or DNA-PKcs, and then selected with puromycin. The knockdown efficiency was determined by qPCR or immunoblotting.

The shRNA sequences against the target gene were listed in Table S2.

To generate Ku80, Ku70, DNA-PKcs, cGAS, or STING knockout cells, the corresponding single guide RNAs (sgRNAs) were in-

serted into LentiCRISPRv2 vector, and the cells were infected with lentivirus containing sgRNAs targeting Ku80, Ku70, DNA-

PKcs, cGAS, or STING. The infected cells were selected with puromycin. The knockout cells were verified by immunoblotting.

The sgRNA sequences were listed in Table S2.
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qPCR
Total RNA was extracted from cells using TRIzol reagent (Invitrogen) and cDNA was synthesized using a HiScript III First-Strand

cDNA Synthesis kit (Vazyme). The qPCRs were conducted using SYBR GreenMaster Mix (Thermo Fisher) in a CFX96 Optics Module

(Bio-Rad). The 2�DDCtmethod was used to calculate relative gene expression levels, and the relative mRNA level for each gene was

normalized to the mRNA level of GAPDH. Data are shown as the relative abundance of the mRNA compared with that of the control

groups. All samples were assayed in triplicate. The gene-specific primers used for qPCR were listed in Table S3.

Electrophoretic mobility shift assay (EMSA)
Recombinant GFP, Ku80, Ku80-DCore, or Ku70 were incubated with or without cGAS in the presence of Cy5-ISD in EMSA buffer

(20 mM HEPES pH 7.5, 50 mM KCl, 3.5 mM DTT, 0.25% Tween-20, 2% Ficoll 400) at 25�C for 30 min. The mixtures were loaded

on 6% TBE gel (6% polyacrylamide, 0.53 TBE, 1% glycerol, 0.1% APS, 0.1% TEMED). Electrophoresis was conducted in 0.53

TBE running buffer with a constant voltage of 100 V for 20 min at 4�C. The gels were scanned using a Fluorescent Image Analyzer

(Typhoon FLA 9000, GE Healthcare Bio-Sciences AB).

In vivo cGAMP measurement
THP-1 cells were transfected with HT-DNA (1 mg/mL) for 6 h or infected with HSV-1 (10 MOI) for 12 h. The cells were collected and

resuspended with phosphate-buffered saline, followed by sonication and centrifugation at 13,000 3 g for 15 min at 4�C. The super-

natants were then incubated with benzonase (1 U/mL) at 37�C for 30min and then heated at 95�C for 5 min, followed by centrifugation

at 13,000 3 g for 15 min at 4�C. Then, cGAMP in the supernatant was measured using 2030-cGAMP ELISA kit (Cayman).

In vitro cGAMP synthesis assay
Purified recombinant human cGAS protein was incubated with purified recombinant GFP, Ku80, Ku80-DCore, or Ku70 in the pres-

ence or absence of HT-DNA in reaction buffer (20 mMHEPES pH 7.5, 5 mMMgCl2, 5 mMDTT, 150mMNaCl, 2 mMATP, 2 mMGTP)

at 37�C for 2 h. The mixtures were incubated with benzonase (1 U/mL) at 37�C for 30 min, and then heated at 95�C for 5 min, followed

by centrifugation. The supernatants containing cGAMP were collected and measured by 2030-cGAMP ELISA kit (Cayman).

Mass spectrometry analysis
To identify the proteins that interact with cGAS, HEK293A cells were infected with lentivirus expressing SFB-tagged cGAS or an

empty vector for 48 h. The cells were lysed with lysis buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% DOC, 0.1%

SDS, 10% glycerol, 1 mMEDTA, 1 mMEGTA). The clarified supernatants were immunoprecipitated using S-protein beads (Millipore)

for 4 h and washed with lysis buffer containing 300mMNaCl three times. Immunoprecipitates were denatured and separated by 10%

SDS-PAGE. The gel was stained with Coomassie brilliant blue and the entire lane was cut into pieces of approximately 2 mm each,

followed by digestion and analysis by an Orbitrap Elite mass spectrometer (Thermo Fisher Scientific). The mass spectrometry data

were analyzed using Thermo Proteome Discovery (version 2.3), and tandemmass spectra were searched against the UniProt-Homo

sapiens database. Ranking of the identified proteins was based on the peptide abundance ratio of sample/control and reproducibility

among the MS analyses of different samples.

QUANTIFICATION AND STATISTICAL ANALYSIS

Results of all statistical analyses are shown as mean ± SD. Significant differences between samples under different experimental

conditions were performed using two-tailed Student’s t-test (GraphPad Prism 8). For all tests, p values <0.05 were considered sta-

tistically significant. All experiments were repeated independently at least three times with similar results and one representative is

shown.
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