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SUMMARY

The innate immune system senses cytosolic dsDNA
and bacterial cyclic dinucleotides and initiates sig-
naling via the adaptor STING to induce type 1 inter-
feron (IFN) response. We demonstrate here that
BTK-deficient cells have impaired IFN-b production
and TBK1/IRF3 activation when stimulated with ago-
nists or infected with pathogens that activate STING
signaling. BTK interacts with STING and DDX41 heli-
case. The kinase and SH3/SH2 interaction domains
of BTK bind, respectively, the DEAD-box domain of
DDX41 and transmembrane region of STING. BTK
phosphorylates DDX41, and its kinase activities are
critical for STING-mediated IFN-b production. We
show that Tyr364 and Tyr414 of DDX41 are critical
for its recognition of AT-rich DNA and binding to
STING, and tandem mass spectrometry identifies
Tyr414 as the BTK phosphorylation site. Model-
ing studies further indicate that phospho-Tyr414
strengthens DDX41’s interaction with STING. Hence,
BTK plays a critical role in the activation of DDX41
helicase and STING signaling.
INTRODUCTION

The innate immune system detects pathogen-associated nu-

cleic acids via pattern-recognition receptors (PRRs) and initiates

type 1 interferon (IFN) production (Takeuchi and Akira, 2009).

Toll-like receptors (TLRs) recognize foreign DNA and RNA on

cell surfaces and in endosomes (Blasius and Beutler, 2010),

while DAI (Takaoka et al., 2007), AIM2 (Hornung et al., 2009),

IFI16 (Unterholzner et al., 2010), cGAS (Sun et al., 2013; Diner

et al., 2013; Ablasser et al., 2013), and the DEAD (aspartate-
Cell R
glutamate-alanine-aspartate)-box helicase DDX41 (Zhang

et al., 2011) sense foreign nucleic acids in the cytosol.

DDX41 is ubiquitously expressed and detects not only viral

double-stranded (ds) DNA but also bacterial cyclic dinucleotides

(CDNs) such as cyclic di-AMP and cyclic di-GMP (Parvatiyar

et al., 2012). CDNs are second messengers that regulate the

motility and virulence of microbes and are not produced by

mammalian cells (Mills et al., 2011). Hence, their presence acti-

vates the host response. DDX41 directly binds dsDNA (Zhang

et al., 2011) and CDNs (Parvatiyar et al., 2012) and associates

with the adaptor STING (stimulator of IFN genes) to activate

TBK1, which phosphorylates the transcription factor IRF3 to

trigger IFN production. STING resides in the endoplasmic retic-

ulum but relocates upon activation to cytosolic punctuate struc-

tures to nucleate the formation of an IFN-inducing signalosome

(Ishikawa et al., 2009).

DDX41 possesses a helicase and a DEAD-box domain that

binds dsDNA, CDNs, and STING (Zhang et al., 2011; Parvatiyar

et al., 2012). Recruitment of STING to DDX41 is activated by

ligand binding to DDX41. After activation, DDX41 undergoes

K48-linked ubiquitination by TRIM21 that leads to its degrada-

tion and termination of the innate response (Zhang et al., 2013).

The exact mechanism of how DDX41 functions as a PRR

remains unclear. In mouse cells, DDX41 and STING co-precipi-

tated in a ligand-dependent manner (Zhang et al., 2011), sug-

gesting that STING binds to DDX41 only upon engagement. It

is not known whether any protein modification is required for

DDX41 activation and how DDX41 couples to STING after ligand

sensing. It is also unclear whether other signaling molecule is

involved in DDX41 activation.

Bruton’s tyrosine kinase (BTK) belongs to the Tec family of

cytoplasmic tyrosine kinases and plays a role in B cell receptor

signaling and lymphopoiesis (Khan et al., 1995). Its mutations

lead to X-linked agammaglobulinemia in human and X-linked

immunodeficiency in mice. It also has a role in TLR signaling

(Jefferies et al., 2003; Liljeroos et al., 2007; Lee et al., 2008).

BTK binds TLR2, 6, 8, and 9 (Horwood et al., 2006; Doyle
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Figure 1. BTK Is Required for ifnb mRNA Induction by STING-Activating Stimuli

(A) Real-time RT-PCR quantification of ifnb mRNA in (A) WT and btk�/� MEF transfected with p(dA:dT) or p(I:C) in LyoVec (T.p(I:C)) or stimulated exogeneously

with naked p(I:C) for 6 hr.

(B–D) WT and btk�/� bone marrow-derived macrophages (BMDMs) treated for 6 hr with AT5-ODN (B), E. coli DNA (C), or HSV-1 DNA (D).

(E) WT and btk�/� MEF stimulated for 6 hr with DNA from human and murine malaria parasites, including Plasmodium falciparum (Pf), Plasmodium vivax (Pv),

Plasmodium berghei ANKA (Pba), and Plasmodium yoelii (Py).

(F and G) WT and btk�/� BMDMs transfected with bacterial cyclic di-GMP (F) or stimulated with DMXAA (G) for 3 to 6 hr.

(H and I) WT and btk�/� BMDMs infected with adenovirus (H) or Listeria monocytogenes (I) for 6 hr.

(J and K) Parasitemia (J) and survival (K) of WT and btk�/� mice infected with P. yoelii (1 3 106 infected red blood cell). Data shown are representative of three

independent experiments; *p < 0.05.

See also Figures S1 and S2.
et al., 2007) and MyD88 and TRIF adaptors (Liu et al., 2011). It

also phosphorylates the Mal adaptor involved in TLR4

signaling (Gray et al., 2006) and TLR3 (Lee et al., 2012). How-

ever, it is not known whether BTK participates in STING

signaling.

Here, we show that BTK plays a critical role in STING-medi-

ated sensing of cytosolic dsDNA and bacterial CDNs. BTK-defi-

cient cells were impaired in IFN-b production when treated with

dsDNA, CDNs, DMXAA, or AT-rich plasmodium DNA or infected

with listeria monocytogenes and adenoviruses. BTK physically

binds STING and DDX41, and we identify the domains critical

for BTK-STING andBTK-DDX41 interactions.We further demon-

strate that BTK phosphorylates DDX41 and more importantly

that DDX41 binding of dsDNA and STING are activated by pro-

tein tyrosine phosphorylation, andwe identify the critical tyrosine

residue involved.
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RESULTS

A Role for BTK in STING-Mediated Signaling
To test whether BTK participates in innate sensing of dsDNA, we

transfected WT and btk�/� murine embryonic fibroblasts (MEFs)

with synthetic B-form dsDNA (p(dA:dT)) or liposome-enclosed

p(I:C) or stimulated them exogeneously with naked p(I:C) as

control and measured their ifnb mRNA synthesis via real-time

RT-PCR. We found btk�/� MEF to produce significantly less ifnb

mRNA compared with WT cells when they were transfected

with p(dA:dT) but not p(I:C) (Figure 1A). They also had reduced in-

duction of IFN-responsive genes such as isg56, isg15, cxcl10, and

NFkB-dependent genes such as il6 (Figures S1A–S1D). As

p(dA:dT) can be transcribed by RNA polymerase III into RNA

that stimulates cytosolic RNA sensor RIG-I and its downstream

adaptor IPS-1 (Ablasser et al., 2009; Chiu et al., 2009) and since
ors



Figure 2. BTK Is Phosphorylated, and Its

Kinase Activity Is Required during STING

Signaling

(A) WT MEF transfected with HA-BTK plasmids

were nontreated (m) or transfected with

p(dA:dT)/LyoVec for 1 hr. BTK was immunopre-

cipitated (IP) with anti-HA antibody and im-

munoblotted (IB) with anti-phosphotyrosine

(pTyr) antibody. The anti-HA blot served as

loading control.

(B) WT macrophages were nontreated (m), trans-

fected with p(dA:dT) or p(I:C) in LyoVec (T.p(I:C)),

or stimulated extracellularly with p(I:C) for 1 hr and

examined for BTK activation using anti-phospho-

BTK (Tyr223) antibody. The anti-BTK blot served

as loading controls.

(C–G) WT BMDMs were stimulated with Plasmo-

dium falciparum DNA (Pf; C), cyclic di-GMP (D),

DMXAA (E), or infected with listeria mono-

cytogenes, MOI = 1 (F), or adenovirus (G). Cell ly-

sates were examined using anti-phospho-BTK

(Tyr223) antibody.

(H) BTK kinase activity is critical for STING-medi-

ated ifnb mRNA synthesis. WT MEF were pre-

treated with DMSO or BTK inhibitor LFM-A13 for

1 hr and transfected with p(dA:dT)/LyoVec, Pf

DNA, or cyclic di-GMP for 6 hr and ifnb mRNA

synthesis quantified via real-time RT-PCR.

(I) btk�/� MEF infected with retrovirus bearing WT, constitutive-active (E41K), or kinase-dead (K430R) BTK were nontreated or transfected with p(dA:dT) for 6 hr

and ifnb mRNA induction quantified via real-time RT-PCR. Data shown are representative of three independent experiments; *p < 0.05. Densitometry was

performed on western blot images, and numerical values normalized and compared with nonstimulated sample are indicated below each corresponding lane.

See also Figure S3.
BTK is also known tobe involved in dsRNA recognition specifically

via TLR3 but not RIG-I (Lee et al., 2012), we next challenged

WT and btk�/� cells with an AT-rich synthetic oligonucleotide

(AT5-ODN) that bears a secondary stem-loop structure and

shown previously to induce IFN-b production in a IPS-1- or TLR-

independent manner (Sharma et al., 2011). Again btk�/� cells

were impaired in ifnb mRNA expression compared with WT cells

(Figure 1B). These data suggest that BTK is involved in host

response to pathogenic cytosolic dsDNA. Consistent with this hy-

pothesis, btk�/� MEF had defective ifnb mRNA synthesis when

transfected with E. coli (Figure 1C) or HSV-1 (Figure 1D) DNA.

Similarly, btk�/� MEF were unable to produce ifnb mRNA when

challenged with AT-rich DNA derived from various strains of hu-

man or mouse malaria parasites (Figure 1E).

AT5-ODN, HSV-1, and malarial DNA trigger IFN-b production

via STING (Ishikawa et al., 2009; Sharma et al., 2011). To examine

whether BTK is involved in this pathway, we stimulated WT and

btk�/� cells with bacterial second messenger cyclic-di-GMP

(Figure 1F) and chemotherapeutic agent 5,6-dimethylxanthe-

none-4-acetic acid (DMXAA) (Figure 1G), both of which activate

STING signaling (Prantner et al., 2012). Interestingly, btk�/� cells

also could not synthesize ifnb, isg56, isg15, and mx1 mRNAs

(Figures S1E–S1I) when exposed to these stimulants.

To assess the physiological relevance of these findings, we in-

fected WT and btk�/� macrophages with adenovirus (Figure 1H)

or Listeria monocytogenes (Figure 1I) that were known to trigger

STING signaling (Ishikawa et al., 2009; Stein et al., 2012) and

showed that btk�/� cells had impaired ifnb mRNA synthesis

when challenged with these pathogens. Listeria-infected btk�/�
Cell R
macrophages also had defective isg56 mRNA synthesis (Fig-

ure S1J). The role of BTK in DNA sensing via STING appeared

specific as btk�/� macrophages infected with influenza virus

had normal production of ifnb, isg56, and isg15mRNAs (Figures

S2A–S2C), as this RNA virus triggered innate response via IPS-1

(Opitz et al., 2007).

We next infected WT and btk�/� mice with Plasmodium yoelii

and monitored their parasitemia (Figure 1J) and survival (Fig-

ure 1K). Infected btk�/� mice developed more severe parasite-

mia andmanifested greater mortality. In contrast, WTmice could

clear parasites and survived. These data were consistent with a

role for BTK in innate sensing of AT-rich DNA (Figure 1E).

BTK Activity Is Required for STING Signaling
BTK is tyrosine phosphorylated upon activation (Lee et al., 2008;

Matsuda et al., 1995; Sato et al., 1994). We next asked whether

BTKwasphosphorylated incells stimulatedwithSTING-activating

agents. We showed that both exogenously overexpressed (Fig-

ure 2A) and endogenous (Figure 2B) BTK were phosphorylated

in p(dA:dT)-transfected MEF and macrophages. As controls, we

showed that BTK was phosphorylated in cells stimulated with

naked p(I:C) that activated TLR3 but not in cells transfected with

liposome-enclosed p(I:C) that activated RIG-I (Figure 2B) (Ono-

moto et al., 2007). BTK was also phosphorylated when macro-

phages were transfected with AT-rich DNA from plasmodium

falciparum (Figure 2C) and bacterial cyclic-di-GMP (Figure 2D),

treatedwithDMXAA (Figure2E), or infectedwith listeriamonocyto-

genes (Figure 2F) and adenovirus (Figure 2G), but not when they

were infectedwith influenzavirus thatactivated IPS-1 (FigureS3A).
eports 10, 1055–1065, February 24, 2015 ª2015 The Authors 1057



Figure 3. BTK Deficiency Impairs STING-Mediated TBK1 and IRF3 Activation

(A–H) WT and btk�/� BMDMs were stimulated with p(dA:dT) (A and B), DMXAA (C and D), and cyclic di-GMP (E and F) or infected with listeria monocytogenes

MOI = 1 (G andH). Cell lysates were examined via western blotting with anti-phospho-TBK1 (Ser172) (A, C, E, andG) and anti-phospho-IRF3 (Ser396) (B, D, F, and

H) antibodies. Anti-TBK1 and anti-IRF3 blots served as loading controls. Densitometry readings are provided as in Figure 2.
As BTK is a multidomain protein with adaptor and tyrosine ki-

nase functions (Mohamed et al., 2009), we treated WT cells with

the chemical inhibitor LFM-A13 and assessed their synthesis

of ifnb mRNA in response to p(dA:dT), malaria DNA, or bacterial

cyclic-di-GMP. Our data indicated that BTK-inhibited cells were

defective in producing ifnb (Figure 2H) and il6 (Figure S3B)

mRNAs when challenged with these agents, suggesting that

BTK tyrosine kinase activity is important for STING signaling.

To confirm that BTK kinase activity is critical for ifnbmRNA in-

duction in response to STING-activating agents, we introduced

WT, constitutive-active (E41K), or kinase-dead (K430R) BTK

into btk�/� MEF and stimulated them with p(dA:dT). We found

ifnb mRNA synthesis to be restored in mutant cells transduced

withWT BTK (Figure 2I), significantly enhanced in cells harboring

E41K-BTK, but defective in cells bearing K430R-BTK. These

data indicated that BTK is phosphorylated and its kinase activity

is required for STING signaling.

BTK Deficiency Impairs STING-Mediated TBK1
and IRF3 Activation
STING-signaling activates TBK1, which phosphorylates the

IRF3 transcription factor that induces ifnb mRNA synthesis

(Barber, 2011). We next examined the effect of BTK-deficiency

on TBK1 and IRF3 activation. Western blot analyses using anti--

phospho-TBK1 and anti-phospho-IRF3 antibodies indicated

that btk�/� macrophages were defective in TBK1 (Figure 3A)

and IRF3 (Figure 3B) activation when they were transfected

with p(dA:dT). Mutant cells stimulated with DMXAA (Figures 3C

and 3D), transfected with bacterial cyclic di-GMP (Figures 3E

and 3F), or infected with listeria monocytogenes (Figures 3G

and 3H) also had impaired TBK1 and IRF3 phosphorylation.

Hence, BTK deficiency compromises TBK1 and IRF3 activation,

suggesting that BTK plays a pivotal role and acts upstream of

these molecules in STING signaling.

BTK Interacts with STING
To gain insight to BTK’s role in STING signaling, we overex-

pressed BTK and various mutants alone or with STING in

HEK293T cells and examined the induction of ifnb promoter ac-
1058 Cell Reports 10, 1055–1065, February 24, 2015 ª2015 The Auth
tivity using a luciferase-based reporter assay (Figure 4A). We

found substantial induction of ifnb promoter activity when STING

and BTK were co-expressed, suggesting that they acted in con-

cert to drive ifnb mRNA synthesis. Overexpression of constitu-

tive-active BTK (E41K) further synergizes with STING to induce

ifnb promoter activity, whereas overexpression of kinase-dead

BTK (K430R) did not. This study confirms that BTK and its kinase

activity are critically important for STING signaling.

Since BTK deficiency impaired activation events downstream

of STING (Figure 3) and TBK1 complex with STING upon activa-

tion (Tanaka and Chen, 2012), we investigated whether BTK

could directly bind STING.We overexpressed HA-tagged STING

or IPS-1 (as negative control) with FLAG-tagged BTK in

HEK293T cells and showed that BTK co-immunoprecipitated

with STING but not with IPS-1 (Figure 4B). We confirmed the

specificity of our reagents and showed that the tagged proteins

could not be immunoprecipitated with control IgG antibodies

(Figure S4A). The BTK and STING interaction was further sup-

ported by confocal microscopy studies showing that the two

molecules co-localized when they were overexpressed in

HEK293T cells (Figure 4C). BTK and STING were also found to

interact endogenously in WT macrophages transfected with

p(dA:dT) (Figure 4D). As BTK kinase activity is critical for STING

signaling, we test whether BTK could phosphorylate STING.

However, STING was not phosphorylated when overexpressed

with constitutive-active BTK (Figure S4B). Hence, our data indi-

cated that BTK physically binds but does not phosphorylate

STING. We also showed that BTK could interact with the E3-

ubiquitin ligase TRIM56 (Figure S4C), which is part of the STING

signalosome (Tsuchida et al., 2010) but could not phosphorylate

it (Figure S4D).

BTK Directly Binds and Phosphorylates DDX41 Helicase
It is known that upon dsDNA stimulation, STING interacts with

TBK1, and they could together be co-precipitated by dsDNA,

which presumably binds a DNA sensor that is also associated

with the STING-TBK1 complex (Sharma et al., 2011; Tanaka

and Chen, 2012). To elucidate the precise role of BTK in STING

signaling, we used 50-biotinylated-AT5-ODN in a streptavidin
ors



Figure 4. BTK Is a Component of STING Signaling

(A) BTK kinase activity synergizes with STING to induce ifnb promoter activity. HEK293T cells bearing IFN-b-promoter-luciferase (IFN-b-luc) plasmid as reporter

andRenilla luciferase plasmid for normalization were transfected with empty vector or vectors expressing STING, BTK, constitutive-active (E41K) or kinase-dead

(K430R) BTK, or both STING and BTK variants and assayed at 24 hr for luciferase activity. Data shown are representative of two independent experiments.

(B) BTK physically binds STING. HEK293T cells were co-transfected with FLAG-BTK and HA-STING or HA-IPS-1 plasmids. Whole cell lysates (WCLs) were

immunoprecipitated (IP) with anti-FLAG and probed (IB) with anti-HA and anti-FLAG antibodies to examine BTK-STING interaction and expression of BTK,

STING, and IPS-1.

(C) Confocal microscopy analysis of BTK and STING co-localization. HEK293T cells were co-transfected with GFP-tagged BTK and HA-tagged STING plasmids.

STING expression was revealed with anti-HA antibody coupled to Alexa Fluor 594. DAPI staining revealed nuclei. Scale bar represents 10 mm.

(D) Endogenous BTK/STING interaction. Primary macrophages were nontreated or transfected with p(dA:dT) for 6 hr. BTK was IP to examine STING association

(top) and vice-versa, and STING was IP to examine BTK binding (bottom). Nonspecific IgG was used as IP control.

See also Figure S4.
pull-down assay to examine STING-TBK1 complex formation in

WT and btk�/� cells (Figure 5A). InWT cells, TBK1 and STING co-

precipitated with 50-biotinylated but not with control 30-bio-
tinylated AT5-ODN, consistent with published data (Sharma

et al., 2011). BTK also co-precipitated with the STING-TBK1

complex in agreement with our earlier finding of BTK-STING

interaction (Figure 4B). In contrast, STING-TBK1 complex forma-

tion was abolished in the absence of BTK. Hence, BTK is

required for STING-TBK1 complex formation upon cytosolic

dsDNA recognition.

We therefore hypothesize that BTK might be needed to phos-

phorylate and activate DNA sensors that directly bind dsDNA.

One candidate is the DEAD-box helicase DDX41 (Zhang et al.,

2011). We examined whether BTK could bind DDX41. We co-ex-

pressed HA-tagged DDX41 and FLAG-tagged BTK in HEK293T

cells and found the two proteins co-immunoprecipitated (Fig-

ure 5B). Confocal microscopy studies indicated that BTK and

DDX41 co-localized in murine RAW264.7 macrophage cells

transfected with p(dA:dT) or cyclic di-GMP or stimulated with

DMXAA (Figure 5C). We also showed endogenous BTK and

DDX41 interaction in WT macrophages transfected with

p(dA:dT) (Figure 5D). Finally, we immunoprecipitated DDX41

fromWTmacrophages (Figure 5E) or RAW264.7 cells (Figure 5F)

transfected with p(dA:dT) or cyclic di-GMP and found endoge-

nous DDX41 to be tyrosine phosphorylated.

We next asked whether ligand-induced DDX41 phospho-

rylation was specifically mediated by BTK. We showed

that DDX41 tyrosine phosphorylation was abolished when

p(dA:dT)-transfected cells were pretreated with LFM-A13 but

not DMSO (Figure 5G). To further examinewhether other tyrosine
Cell R
kinase could phosphorylate DDX41, we overexpressed FLAG-

tagged DDX41 alone or together with HA-tagged WT BTK,

constitutive active (E41K) or kinase dead (K430R) BTK or Src-

family kinase Lyn in HEK293T cells (Figure 5H). We found BTK

to be autophosphorylated in cells expressing WT or constitu-

tive-active BTK. Interestingly, precipitated DDX41 was found to

be phosphorylated only in the presence of WT or constitutive-

active BTK but not with kinase-dead BTK or Lyn. In vitro kinase

assay using GST-purified BTK and DDX41 (Figure 5I, top)

confirmed that BTK directly phosphorylated DDX41 and

DDX41 phosphorylation did not occur with kinase-dead

(K430R) BTK (Figure 5I, bottom). These data suggested that

BTK specifically phosphorylated DDX41 rather than acted as

an adaptor to recruit another kinase. Finally, we showed that

BTK specifically phosphorylated DDX41 but not another

DEAD-box helicase, DDX1 (Figure 5J). Taken together, the

data indicated that BTK directly binds and phosphorylates

DDX41.

We also examined cGAS that sense dsDNA and CDNs and

triggered IFN-b synthesis via the production of a secondary

metabolite, cGAMP that activates STING (Sun et al., 2013; Diner

et al., 2013; Ablasser et al., 2013). We examined whether BTK

could bind and phosphorylate cGAS. We co-expressed HA-

tagged cGAS with FLAG-tagged BTK or FLAG-tagged STING

as control in HEK293T cells and found that BTK and cGAS could

co-immunoprecipitate (Figure S5A). We also tested whether

cGAS could be phosphorylated by BTK by overexpressing

FLAG-tagged cGAS alone or together with HA-tagged BTK in

HEK293T cells. However, cGAS was not phosphorylated by

BTK (Figure S5B).
eports 10, 1055–1065, February 24, 2015 ª2015 The Authors 1059



Figure 5. BTK Binds and Phosphorylates DDX41 Helicase

(A) Impaired STING-mediated intracellular DNA recognition in btk�/� cells. WT and btk�/� BMDMs were transfected with 50- or 30-biotinylated AT5-ODNs. Cell

lysates were precipitated with Streptavidin and probed for STING, TBK1, and BTK association.

(B) BTK binds DDX41. Whole cell lysates (WCL) from HEK293T cells co-transfected with HA-DDX41 and FLAG-BTK were immunoprecipitated (IP) and im-

munoblotted (IB) to examine protein interaction and expression.

(C) Confocal microscopy analyses of BTK andDDX41 co-localization. RAW264.7macrophage cells were untreated or transfected with p(dA:dT), cyclic di-GMPor

stimulated with DMXAA and stained for BTK (red) and DDX41 (green) using fluorochrome-conjugated antibodies. Scale bar represents 10 mm.

(D) Endogenous BTK/DDX41 interaction. Primary macrophages were nontreated (m) or transfected for 6 hr with p(dA:dT). BTK was IP to examine DDX41 as-

sociation (top) and vice versa; DDX41 was IP to examine BTK binding (bottom).

(E and F) DDX41 tyrosine phosphorylation in WT BMDMs (E) and RAW264.7 cells (F) transfected with p(dA:dT) and cyclic-di-GMP for 6 hr. DDX41 was IP and IB

with anti-phosphotyrosine (pTyr) antibody. Anti-DDX41 blot served as loading controls.

(G) BTK activity is critical for DDX41 phosphorylation. RAW264.7 cells pretreated with DMSO or LFM-A13 for 1 hr and transfected with p(dA:dT) for 4 hr were

examined for DDX41 phosphorylation as in (E). Nonspecific IgG controls were included in (D–G).

(H) BTK but not Lyn phosphorylates DDX41. HEK293T cells were transfected with FLAG-DDX41 and HA-BTK or Lyn or constitutive-active (E41K) or kinase-dead

(K430R) HA-BTK plasmids. FLAG-tagged DDX41 was IP and IB with anti-pTyr antibody.

(I) In vitro kinase assay examining DDX41 phosphorylation by BTK. GST-tagged DDX41, BTK, and K430R-BTK were separated on SDS-PAGE gel, purified, and

visualized by Coomassie-Brilliant Blue dye staining. Arrows depict positions of purified proteins (top). DDX41 phosphorylation by WT or (K430R) BTK was

measured with ADP-Glo kinase assay. Data are plotted as nmol of phosphate transferred from ATP to DDX41 substrate (bottom panel).

(J) BTK phosphorylates DDX41 and not DDX1. HEK293T cells were transfected with FLAG-DDX41 or FLAG-DDX1 and with HA-BTK or without. FLAG-tagged

DDX41 and DDX1 were IP and IB with 4G10 antibody. Protein expression of transfected plasmids were assayed as above.

See also Figure S5.
BTK Kinase and SH3/SH2 Domains Bind Respectively
DEADc Domain of DDX41 and Transmembrane Region
of STING
DDX41 binds STING upon ligand recognition via its DEAD-box

(DEADc) domain and transmembrane region of STING (Zhang

et al., 2011). To examine how BTK interacts with STING and

DDX41, we generated full-length and mutants of BTK, DDX41,

and STING (Figure 6A). We first studied domain interactions be-

tween BTK and DDX41 (Figure 6B). We found BTK to bind full-
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length DDX41 or DDX41 truncated at carboxyl-terminal (HEL-

ICc) or deleted of its helicase domain (DHELICc). However,

BTK could not bind DDX41 lacking the DEADc domain

(DDEADc).

Next, we examined DDX41 interaction with BTK (Figure 6C).

DDX41 could bind full-length BTK or BTK deleted of its PH

domain but not BTK deleted of kinase or combined kinase and

SH3/SH2-interaction domains. Thus, the data indicated that

BTK kinase domain associateswith theDEADcdomain of DDX41.
ors



Figure 6. BTK/DDX41 and BTK/STING Domain Interactions

(A) Schematic representations of DDX41 (DEADc, Asp-Glu-Ala-Aspmotif and HELICc, helicase C-terminal), BTK (PH, pleckstrin homology; SH2, Src Homology 2;

and kinase), and STING (TM, transmembrane and CT, carboxyl terminal) and their various mutated forms. Numbers indicate amino acid positions.

(B) Analysis of BTK-DDX41 domain interactions. FLAG-tagged full-length DDX41 or mutants (HELICc, helicase truncation; DHELICc, helicase deletion; or

DDEADc, DEADc deletion) were expressed with HA-BTK in HEK293T cells. BTK was IP and examined for full-length or mutant DDX41 binding using anti-FLAG

antibody.

(C) Analysis of DDX41 binding to BTK domains. FLAG-tagged full-length BTK or mutants (DPH, PH domain deletion; DKinase, kinase deletion; or PH, SH3/SH2/

Kinase domains deletion) were expressed with HA-taggedDDX41 in HEK293T cells. DDX41was IP and examined for full-length ormutant BTK binding using anti-

FLAG antibody.

(D) Analysis of STING-BTK domain interactions. HA-tagged full-length STING was expressed in HEK293T cells with FLAG-tagged full-length or mutants BTK.

STING was IP and examined for binding of full-length or mutant BTK using anti-FLAG antibody.

(E) Analysis of BTK binding to STING domains. HEK293T cells were co-transfected with full-length HA-tagged BTK and FLAG-tagged full-length STING or mutant

(DCT, C-terminal deletion; DTM, transmembrane deletion). HA-tagged BTK was IP and examined for STING domain interaction using anti-FLAG antibody. Data

shown in (B–D) were representative of three independent experiments. Nonspecific (NS) bands were indicated. Size markers served as reference. Expression of

transfected plasmids were assayed with whole cell lysates (WCLs).
Finally, we mapped the interacting domains of BTK and

STING. Overexpression studies using full-length STING and

various domains of BTK indicated that the PH and kinase do-

mains of BTK were dispensable for binding STING and instead

STING binds BTK through the latter’s SH3/SH2-interaction

domain (Figure 6D). On the other hand, reciprocal studies indi-

cated that BTK binds STING deleted of its cytoplasmic but not

transmembrane domains, suggesting that the transmembrane

region of STING plays a critical role in binding BTK (Figure 6E).

Taken together, the data revealed that BTK kinase domain

binds the DEADc domain of DDX41, while BTK’s central SH3/

SH2-interaction domain interacts with the transmembrane re-

gion of STING.

Tyr364 and Tyr414 of DDX41 Are Critical for Binding
dsDNA and STING
Given that BTK kinase activity is required for IFN-b production

(Figures 2H and 4A) and its kinase domain binds DDX41 (Fig-

ure 6C) and that BTK phosphorylates DDX41 (Figure 5I), we

explored the significance of DDX41 phosphorylation by BTK.

DDX41 binds dsDNA and STING (Zhang et al., 2011). Hence,

we determined whether DDX41 phosphorylation by BTK is

required for its binding of dsDNA. We transfected FLAG-

tagged DDX41 and HA-tagged WT or kinase-dead BTK into
Cell R
HEK293T cells followed by precipitation of DDX41 with strep-

tavidin-coupled magnetic beads after incubating cell lysates

with 50-biotinylated AT5-ODN. Interestingly, we found that

only DDX41 co-expressed with WT but not kinase-dead BTK

was phosphorylated and could be precipitated by 50-bio-
tinylated AT5-ODN (Figure 7A). These data suggested that

DDX41 phosphorylation by BTK is required for its binding of

dsDNA.

DDX41 has 16 tyrosine residues, and 3 of these (Y33, Y259,

and Y414) were predicted by Netphos program to be phosphor-

ylation sites (Table S1). To determine whether these tyrosine res-

idues would be important for DDX41 sensing of dsDNA, we

mutated them and four other tyrosine residues (Y279/280,

Y340, and Y364) in the DEADc domain of DDX41 to phenylala-

nine given that this domain is important for binding dsDNA

(Zhang et al., 2011). The site-directed mutants (SDM) of DDX41

were assessed for dsDNA binding using the 50-biotinylated
AT5-ODN precipitation assay. Interestingly, mutation of Tyr364

or Tyr414 to phenylalanine compromised the ability of DDX41

to bind dsDNA (Figure 7B), indicating that these two residues

were individually critical for this function.

DDX41 binds STING upon ligand recognition (Zhang et al.,

2011). We next asked whether this interaction would be affected

in the absence of BTK. We transfected WT and btk�/�
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Figure 7. DDX41 Tyr364 and Tyr414 Are Required for Binding dsDNA and STING

(A) BTK kinase activity is required for DDX41 binding of dsDNA. Whole cell lysates (WCLs) from HEK293T cells co-transfected with FLAG-DDX41 and HA-tagged

BTK or kinase-dead BTK (K430R) were incubated with 50-biotinylated AT5-ODNs, precipitated with streptavidin and probed for DDX41 binding. Activation status

of overexpressed BTK and DDX41 was examined using anti-pTyr and anti-phosphoBTK(Tyr223) antibodies.

(B) Tyr364 and Tyr414 are required for DDX41 binding of dsDNA. HEK293T cells were transfected with HA-tagged site-directed DDX41 Tyrosine (Y)-to-

Phenylalanine (F) mutants. Cell lysates were incubated with 50-biotinylated AT5-ODNs, precipitated with SA and probed for DDX41 binding using anti-HA

antibody.

(C) BTK is required for DDX41 interaction with STING. WT and btk�/� BMDMs were stimulated with p(dA:dT) for 4 hr. Cell lysates were IP with anti-STING and

probed with anti-DDX41 antibodies. The anti-STING blot served as loading control.

(D) BTK kinase activity is required for DDX41 and STING interaction. WT BMDMswere nontreated or treated with LFM-A13 and DDX41was IP to probe for STING

association. Nonspecific IgG Ab were included as controls in (C) and (D).

(E) Tyr364 and Tyr414 are critical for DDX41 binding to STING. HEK293T cells were transfected with HA-tagged DDX41 and FLAG-tagged STING or FLAG-tagged

mutant STING deleted of transmembrane domain (DTM) or FLAG-tagged STINGwith various HA-tagged DDX41 Y-to-Fmutants. Cell lysateswere IP with anti-HA

antibody for DDX41 and probed with anti-FLAG antibody to examine binding to STING. Expression of transfected plasmids (A, B, and E) was examined using

whole cell lysates. Data shown were representative of three independent experiments.

(F and G) Mass spectrometry identification of DDX41 Tyr414-phosphorylation by BTK. (F) Fragment ions confirming the position of phosphorylated tyrosine

residues. Matched fragment b- and y- ions are labeled as blue and red, respectively. LC-MS/MS spectrum of tyrosine phosphorylated 20-mer tryptic peptide

T401-AGAASLDVIQEVEY(+79.97)VKEEAK-420 derived from DDX41, where ‘‘y℗’’ (red) indicates phosphorylated tyrosine at position Y414. The [M+3H]3+ ion at

m/z of 743.69 at retention time of 62.06 min was selected as precursor ion, one missed cleavage at K416. (G) LC-MS/MS spectrum of the [M+3H]3+ precursor ion

of unmodified 20-mer tryptic peptide of the same sequence (T401-AGAASLDVIQEVEYVKEEAK-420) derived fromDDX41 at am/z of 717.04 with retention time of

62.33 min.

(H and I) Computational modeling of DDX41 Tyr414 interaction with STING. Models of DDX41 peptide domain (amino acids 408–415) containing unmodified (H)

and phosphorylated (I) Tyr414 docked onto transmembrane region of STING (amino acids 149–379). Carbons of DDX41 peptide are colored in yellow; carbons of

STING are colored in gray. Y414 and pY414 of DDX41 and interacting residues of STING are labeled. Black dashed lines represent potential hydrogen bonds or

salt bridges between DDX41 and STING. Images are made via PyMOL.

See also Figures S6 and S7 and Tables S1 and S2.
macrophages with p(dA:dT) and immunoprecipitated STING to

examine DDX41 association. Our data indicated that DDX41

was not coupled to STING in the absence of BTK (Figure 7C).
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Furthermore, LFM-A13-inhibition study suggested that BTK ki-

nase activity was required for DDX41 interaction with STING

upon p(dA:dT) recognition (Figure 7D).
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We hypothesized that the tyrosine residues critical for DDX41

to bind dsDNAmight also be important for DDX41 to bind STING.

Hence, we overexpressed WT and various SDM of DDX41 with

STING in HEK293T cells and assayed their interactions (Fig-

ure 7E). As controls, we showed that WT DDX41 could bind

full-length but not transmembrane-deleted STING. Mutations of

Y259 andY279/280 did not affect DDX41binding to STING,while

mutations of Y33 and Y340 appeared to weaken the interactions.

Interestingly, mutations of Y364 and Y414 severely affected

DDX41 binding to STING. These data are consistent with our

earlier finding that Y364 and Y414 are critical for DDX41 recogni-

tion of ligands and with published data indicating that DDX41

binds STING after ligand sensing (Zhang et al., 2011).

Next, we employed high-resolution tandem mass spectrom-

etry to identify BTK-mediated tyrosine phosphorylation sites

within DDX41. We expressed FLAG-tagged DDX41 alone or

with HA-tagged BTK in HEK293T cells and immunoprecipitated

DDX41 to confirm its phosphorylation (Figure S6A). Upon SDS-

PAGE separation, we excised the �70 kDa DDX41 band (Fig-

ure S6B), digested it with trypsin in-gel, and analyzed it with

nano-electrospray ionization-nano LC-orbitrap Fourier trans-

form mass spectrometry. DDX41’s identity was confirmed by

peptide mapping with sequence coverage of 81%, and three

tyrosine residueswere revealed to be phosphorylated (Figure S7;

Table S2), among them Y414 (Figures 7F and 7G).

Finally, we performed computational modeling using available

crystal structures (Schütz et al., 2010; Shang et al., 2012) to gain

insight to how Y414 phosphorylation might facilitate DDX41 and

STING interaction. Our model indicated that DDX41 could not

interact well with STING when Y414 was unmodified (Figure 7H).

Y414 phosphorylation led to increased formation of hydrogen

bonds and salt bridges with R197 and E339 on STING, hence

promoting and enhancing interaction between the two proteins

(Figure 7I). Incidentally, Y414 is proximal to the DEAD-box

domain of DDX41, and R197 is in the transmembrane region of

STING, the two domains that we and others (Zhang et al.,

2011) had shown to be critical for STING and DDX41 interaction

upon DDX41 ligand sensing.

DISCUSSION

We demonstrated here a role for BTK in STING-mediated

IFN response. We showed that btk�/� cells were impaired in

ifnb mRNA synthesis when challenged with pathogenic or

infectious agents that activate STING signaling (Figure 1). These

agents include the synthetic ligands p(dA:dT) and AT5-ODN,

HSV-1 DNA, and AT-rich DNA from malarial parasites, CDNs,

and the chemical agent DMXAA. Moreover, treatment of MEF

and macrophages with these stimuli also led to BTK phosphory-

lation (Figures 2A–2G), which was indicative of its activation and

therefore participation in STING signaling.

At the molecular level, BTK was shown to physically bind

STING (Figures 4B–4D). This finding explains why the activation

of TBK1 and IRF3, which are downstream of STING, was

impaired in btk�/� cells treated with STING-activating stimuli

(Figure 3). Detailed structural studies indicated that the SH3/

SH2 interaction domain of BTK binds the transmembrane region

of STING (Figures 6D and 6E). Thus, BTK might participate in
Cell R
STING signaling as an adaptor bridging STING to another mole-

cule, be it the ligand sensor or other signaling moiety involved in

the activation process. However, LFM-A13 inhibition experi-

ments (Figure 2H) suggested that BTK functions more than an

adaptor and its kinase activity is important for STING signaling.

Thus, BTK likely phosphorylates a critical substrate. This was

further supported by reconstitution (Figure 2I) and overexpres-

sion studies (Figure 4A), showing that constitutive-active but

not kinase-dead BTK synergized with STING to drive ifnb pro-

moter activity.

Our finding that BTK does not phosphorylate STING or

TRIM56 (Figure S4) suggested that BTK likely phosphorylates

another molecule that is very upstream in the signaling pathway.

One possibility is that BTK phosphorylates the sensor of patho-

genic agents. We established that BTK bound and phosphory-

lated DDX41 (Figure 5). On the other hand, BTK binds but does

not phosphorylate cGAS (Figure S5).

The physiological relevance of DDX41 phosphorylation by BTK

became apparent when site-directed mutagenesis experiments

revealed Tyr414 of DDX41 as one of two residues critical for

DDX41 binding of dsDNA (Figure 7B) and STING (Figure 7E).

We show Tyr414 to be phosphorylated by BTK (Figures 7F and

7G). Tyr414 lies proximal to the DEAD-box and C-terminal heli-

case domain of DDX41 that is essential for high-affinity interaction

with RNA/DNA substrate and for positioning nucleic acids for un-

winding (Mallam et al., 2012). It is likely that Tyr414 phosphoryla-

tion byBTK enablesDDX41 to bind dsDNAwith higher affinity and

strengthens DDX41 interaction with STING. Computational

modeling suggested that Tyr414 phosphorylation increases the

number of hydrogen bonds and salt bridges formed with R197

and E339 of STING (Figures 7H and 7I). R197 is in the transmem-

brane region of STING. The finding is consistent with our data and

those of others, demonstrating interaction between DDX41 and

transmembrane region of STING, and with finding that DDX41

binds STING upon ligand sensing (Zhang et al., 2011).

Tyr364 is the other residue critical for DDX41’s function to bind

dsDNA and STING (Figures 7B and 7E). It lies within the DEAD-

box domain of DDX41, which is important for binding dsDNA

(Zhang et al., 2011), CDNs (Parvatiyar et al., 2012), and trans-

membrane region of STING (Zhang et al., 2011). However, we

could not detect Tyr364 phosphorylation by BTK. Nevertheless,

Tyr364 is critical as its mutation to phenylalanine leads to defec-

tive binding of DDX41 to dsDNA and STING, probably due to

conformational changes to DDX41 protein structure.

Taken together, a model emerges of how DDX41 senses

dsDNA and other ligands and couples to STING to mediate

IFN production. When cells were invaded by microbes, BTK

is activated. The kinase domain of BTK binds the DEAD-box

domain of DDX41, thereby allowing the kinase to phosphory-

late DDX41. Phosphorylation of Tyr414 activates DDX41 and

primes it to bind dsDNA and other ligands with high affinity

and also strengthen and stabilizes DDX41 interaction with

STING to activate TBK1/IRF3 leading to type 1 IFN production.

Binding of dsDNA and transmembrane domain of STING is

also mediated by the DEAD-box domain of DDX41 (Zhang

et al., 2011), and Tyr364, proximal to the DEAD-box domain

of DDX41, is critical for these functions. This model also

explains the observation that DDX41 and STING could only
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co-localize and be precipitated upon ligand activation (Zhang

et al., 2011).

The role of STING as an adaptor to nucleate the formation of

an IFN-inducing signalosome is further strengthened by our cur-

rent finding, which adds BTK to the list of molecules shown to

bind STING. It is known that STING binds TRIM56, which ubiqui-

ntylates and activates STING (Tsuchida et al., 2010). STING also

binds TRIM32 (Zhang et al., 2012) and RIG-I (Nazmi et al., 2012)

and TBK1 (Sharma et al., 2011; Tanaka and Chen, 2012; Zhang

et al., 2012).

If BTK is critical in activating DDX41, what activates BTK when

microbes invade the cells? We opined that when microbes first

invade host cells, their PAMPS activate TLRs located on cell sur-

face and in endosomes and subsequently BTK. We and others

have shown that BTK participates in TLR-associated MyD88

and TRIF signaling (Lee et al., 2012; Liu et al., 2011). Activated

BTK primes DDX41 and subsequently allows it to detect dsDNA

and/or CDNs when these PAMPs appear in the cytosol. This

tantalizing model can be readily tested.

EXPERIMENTAL PROCEDURES

Mice, Cells, and Plasmids

C57BL/6 and btk�/� mice were obtained from The Jackson Laboratory and

bred in our facilities. Murine experiments were performed according to guide-

lines from the National Advisory Committee on Laboratory Animal Research.

Bone marrow macrophages were differentiated as described (Boone et al.,

2004). HEK293T cells were transfected with vectors encoding HA or FLAG-

tagged genes using Lipofectamine2000 (Invitrogen). Cells were stimulated

with p(dA:dT) (InvivoGen), p(I:C) (InvivoGen), DMXAA (Sigma), E. coli DNA

(Sigma), HSV-1 DNA (ATCC), or cyclic di-GMP (Kerafast). Stimulants were

given exogeneously or transfected with LyoVec (InvivoGen) or Lipofectamine

2000. For reconstitution experiments, HA-tagged btk, constitutive-active

(E41K) and kinase-dead (K430R) btk were cloned into pBABE-Puro (Adgene)

retroviral vector and checked by sequencing. Retroviruses were packaged us-

ing pCI-Neo vector (Adgene) and transduced into early passage btk�/�MEF in

4-mg/ml polybrene for 12 hr. Fresh culturemedia were introduced, and infected

cells were selected in 2.5-mg/ml puromycin for 5 days prior to p(dA:dT)

transfection.

Site-Directed Mutagenesis

DDX41 tyrosine-to-phenylalanine site-directed mutants were generated using

QuickChange II Mutagenesis Kit (Stratagene). Primers used are in Supple-

mental Experimental Procedures (SEP).

Quantitative RT-PCR

Total RNA was extracted from WT and btk�/� BMDM and MEF using RNeasy

Mini kit (QIAGEN) and synthesized into cDNA using Superscript II reverse tran-

scriptase (Invitrogen). Quantitative RT-PCR was performed on Applied

Biosystems 7500 real-time PCR system using specific primers listed in Sup-

plemental Experimental Procedures.

Confocal Microscopy

Cells were washed twice with cold PBS containing 1% BSA/PBS and fixed

with 4% paraformaldehyde/PBS for 20 min. After 10-min permeabilization

(0.2% saponin-0.03M sucrose in 1% BSA/PBS) at room temperature, cells

were washed twice with cold PBS, blocked with 5% BSA in PBS for 1 hr at

room temperature, and incubated with primary antibodies at 4�C overnight.

Slides were washed three times with 1% BSA/PBS, incubated 1 hr at room

temperature with Anti-HA Alexa Fluor 594 anti-mouse IgG and chicken anti-

rabbit Alexa Fluor 488 antibodies (Invitrogen/Molecular Probes), washed three

times, mounted, and viewed with an Olympus confocal laser scanning micro-

scope under 403 (normal) or 1003 (oil) objective.
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Strepavidin-Biotin DNA Binding Assay

Cells lysates were incubated with 1 mg of 30- or 50-biotinlynated AT5-ODN (us-

ing sequence as described (Sharma et al., 2011; IDT) and streptavidin-conju-

gated magnetic beads (50% w/v) for 2 hr. Lysates were washed with cold

buffer (10-mM Tris-HCl, 1-mM EDTA, 2-M NaCl) and separated on a magnet

before eluting with loading buffer containing SDS and boiled and run on

10% SDS-polyacrylamide gel.

Mass Spectrometry

Tandem mass spectrometry identification of DDX41 phosphorylation sites is

detailed in Supplemental Experimental Procedures.

Statistics Analysis

Data are shown as mean ± SD; p values of less than 0.05 were considered

statistically significant, *p < 0.05. Statistical differences were calculated with

unpaired two-tailed Student’s t test using prism software. Survival curves (Ka-

plan-Meyer plots) were compared using a log-rank test. Final mortality rates

were compared with chi-square test.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

seven figures, and two tables and can be found with this article online at

http://dx.doi.org/10.1016/j.celrep.2015.01.039.
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