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SUMMARY

Robust immune responses are essential for elimi-
nating pathogens but must be metered to avoid
prolonged immune activation and potential host
damage. Upon recognition of microbial DNA, the
cytosolic DNA sensor cyclic GMP-AMP (cGAMP)
synthetase (cGAS) produces the second messenger
cGAMP to initiate the stimulator of interferon genes
(STING) pathway and subsequent interferon (IFN)
production. We report that the direct interaction
between cGAS and the Beclin-1 autophagy protein
not only suppresses cGAMP synthesis to halt IFN
production upon double-stranded DNA (dsDNA)
stimulation or herpes simplex virus-1 infection, but
also enhances autophagy-mediated degradation of
cytosolic pathogen DNA to prevent excessive cGAS
activation and persistent immune stimulation. Spe-
cifically, this interaction releases Rubicon, a negative
autophagy regulator, from the Beclin-1 complex,
activating phosphatidylinositol 3-kinase class III
activity and thereby inducing autophagy to remove
cytosolic pathogen DNA. Thus, the cGAS-Beclin-1
interaction shapes innate immune responses by
regulating both cGAMP production and autophagy,
resulting in well-balanced antimicrobial immune
responses.

INTRODUCTION

Early detection of invading microbes by the host depends on a

limited number of specific intracellular pattern recognition recep-

tors (PRRs) that can detect microbes’ conserved patterns and

activate signal transduction cascades, thereby triggering type I

interferon (IFN)-mediated antimicrobial defense mechanisms.

While several DNA sensors, such as DAI, IFI16, and DDX41
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(Takaoka et al., 2007; Unterholzner et al., 2010; Zhang et al.,

2011), have been reported to induce IFN, recent studies have re-

ported that the cyclic GMP-AMP (cGAMP) synthetase (cGAS)

acts as an intracellular PRR to sense cytosolic pathogen DNA

and subsequently generates the second messenger cGAMP

(Sun et al., 2013; Wu et al., 2013). cGAMP possesses unique

20-30 phosphodiester linkages that can bind the downstream

signaling molecule stimulator of interferon genes (STING), lead-

ing to the production of type I IFNs (Ablasser et al., 2013; Gao

et al., 2013). Indeed, cGAS-deficient mice failed to produce

IFNs and other cytokines in response to DNA transfection or

DNA virus infection and were more susceptible to lethal herpes

simplex virus-1 (HSV-1) infection than wild-type mice (Li et al.,

2013). Furthermore, extensive structural studies have rapidly

added insight as to how cGAS functions as a DNA-sensing

enzyme (Civril et al., 2013; Kranzusch et al., 2013; Zhang et al.,

2013). cGAS contains a highly positively charged and poorly

conserved N-terminal domain and a central nucleotidyl trans-

ferase (NTase) domain that partially overlaps with a C-terminal

male abnormal 21 (Mab21) domain. cGAS possesses a remark-

able structural similarity to the antiviral cytosolic double-

stranded RNA sensor 20-50 oligoadenylate synthase 1 (OAS1)

but contains a unique zinc thumb that recognizes B form

double-stranded DNA (Civril et al., 2013; Hartmann et al., 2003;

Kranzusch et al., 2013). These suggest a potential sharedmolec-

ular mechanism between OAS1-mediated dsRNA and cGAS-

mediated dsDNA innate immune sensing machinery.

Autophagy is an important homeostatic mechanism involving

the formation of double-membrane vesicles called autophago-

somes, which sequester damaged organelles, protein aggre-

gates, and invading intracellular pathogens in the cytoplasm

for degradation (Levine et al., 2011). Conserved from yeast to

humans, autophagy takes place through a series of steps that

include vesicle initiation, nucleation, and elongation, followed

by vesicle fusion with lysosomes for degradation of the cargo

(Rodgers et al., 2014). Extensive studies have demonstrated

that Beclin-1 plays pivotal roles in autophagy induction and

autophagosome maturation by forming various complexes with

its positive (Atg14 and UVRAG) or negative (Bcl-2 and Rubicon)
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regulators (Liang et al., 2006; Matsunaga et al., 2009; Zhong

et al., 2009). A recent study has revealed an unexpected link be-

tween DNA sensing and autophagy (Watson et al., 2012). During

macrophage infection with Mycobacterium tuberculosis (Mtb),

the recognition of bacterial DNA by the STING-dependent cyto-

solic pathway elicits ubiquitin-mediated autophagy, which then

delivers bacilli to autophagosomes for degradation. Further-

more, besides its binding-dependent activation of the STING

pathway to initiate host defense, cGAMP also induces the acti-

vation of ULK1 autophagy kinase, which subsequently phos-

phorylates STING and blocks its function, initiating negative

feedback control of the STING pathway and thus preventing

the persistent transcription of innate immune genes (Konno

et al., 2013). These data suggest that while a robust cGAS-

STING-autophagy pathway is essential for eliminating intracel-

lular microbial infection, this response must be well controlled

to prevent excessive production of inflammatory cytokines.

However, the molecular link between the intracellular DNA-

sensing pathway and the autophagy pathway remains elusive

despite its critical function in the development of a balanced

immune defense against pathogens. Here, we report crosstalk

between the intracellular DNA-sensing pathway and autophagy

machinery by demonstrating the direct interaction between the

cGAS DNA sensor and the Beclin-1 autophagy protein, which

not only suppresses cGASNTase activity to halt cGAMPproduc-

tion, but also enhances the autophagy-mediated degradation of

cytosolic microbial DNA. These results indicate that the interac-

tion between cGAS and Beclin-1 regulates cGAMP production

and autophagy pathway, ultimately allowing the host to develop

appropriate immunity against pathogens.

RESULTS

cGAS Interacts with Beclin-1
cGAS contains an N-terminal DNA binding domain (DBD), a cen-

tral NTase domain, and a C-terminal domain (CTD) (Kranzusch

et al., 2013) (Figure 1A). Seven trials of yeast two-hybrid screens

with full-length cGAS, the N-terminal region (aa 1–160), and the

central and C-terminal region (aa 160–522) of cGAS using a

cDNA library from human lymphocytes collectively revealed

the interaction between cGAS and Beclin-1 autophagy protein.

Coimmunoprecipitation (coIP) showed that Flag-cGAS readily

interacted with V5-Beclin-1 upon transient overexpression in

293T cells, and this interaction detectably increased upon

herring testis DNA (HT-DNA) transfection or HSV-1 infection

(Figure 1B). In addition, Flag-cGAS interaction with endogenous

Beclin-1 detectably increased upon HT-DNA stimulation (Fig-

ure 1B). The central region of Beclin-1 contains the Bcl-2 bind-

ing domain (BD) for cellular and viral Bcl-2 interaction, the

coiled-coil domain (CCD) for Atg14L and UVRAG interaction,

and the evolutionarily conserved domain (ECD) for PI3KC3

(Vps34) interaction (Liang et al., 2006; Matsunaga et al., 2009;

Zhong et al., 2009) (Figure 1A). Since the positive clones from

yeast two-hybrid screens contained the central CCD and ECD

of Beclin-1, we tested whether the CCD and/or ECD were

required for cGAS interaction. A binding assay showed that

the central CCD of Beclin-1 and the central NTase domain of

cGAS were responsible for their interaction (Figures 1C and

1D). Further detailed mapping with four fragments of the CCD
Cell Host &
(CCD1–CCD4) indicated that the CCD1-CCD2 fragment of

Beclin-1 was capable of binding cGAS as efficiently as the

full-length CCD, while the CCD3-CCD4 displayed little or no

cGAS binding activity (Figure S1A available online). Upon gel

filtration chromatography, Beclin-1 and cGAS were eluted in

fractions 16–22 and 26–32, respectively, under unstimulated

conditions (Figure S1B). However, under HT-DNA stimulation

conditions, the elution profiles of Beclin-1 shifted right in

fractions 18–30, and the elution profiles of cGAS shifted left in

fractions 22–32, so that both proteins were eluted together

in fractions 22–28 (Figure S1B). Furthermore, Beclin-1 and

cGAS showed diffuse localization in the cytoplasm without stim-

ulation, whereas they showed predominantly cytoplasmic punc-

tate staining with extensive colocalization upon stimulation with

HT-DNA or immune stimulatory DNA (ISD) or HSV-1 infection

(Figures 1E and S2A). Interestingly, the E225A/D227A enzymat-

ically dead cGAS mutant showed Beclin-1 binding activity,

Beclin-1 colocalization, and cytoplasmic punctate formation

similar to the wild-type (WT) cGAS, whereas the K173A/R176A

DNA-binding cGAS mutant displayed much weaker Beclin-1

binding activity than the WT and showed neither cytoplasmic

punctate formation nor Beclin-1 colocalization (Figures 1F and

S2B). Finally, neither the cGAMP stimulation nor the STING

expression was necessary for the cGAS-Beclin-1 interaction

and the cytoplasmic punctate formation (Figures 1E and S1C–

S1E). These results indicate that cGAS efficiently binds Beclin-1

upon dsDNA stimulation, which is dependent on the DNA bind-

ing activity of cGAS.

Beclin-1 Negatively Regulates cGAS-Mediated IFN
Responses
To test the effect of Beclin-1 expression on cGAS signaling activ-

ity, RAW264.7 and L929 cells were stably infected with lentivi-

ruses containing Beclin-1-specific small hairpin RNAs (shRNAs)

or Flag-Beclin-1, resulting in the specific decrease or increase of

Beclin-1 expression, respectively (Figures 2A and 2B). These

cells were then stimulated with HT-DNA or infected with the

HSV-1 WT or the DICP34.5 Beclin-1-binding mutant, and the

levels of interferon beta (IFNb) mRNA production and secretion

and HSV-1 replication were measured (Figures 2C–2K). We

included the HSV-1 DICP34.5 mutant virus because the

ICP34.5 protein inhibits autophagosome formation by interact-

ing with Beclin-1 (Leib et al., 2009; Orvedahl et al., 2007). This

assay showed a direct inverse correlation between Beclin-1

expression and cGAS signaling activity: depletion of Beclin-1

led to an increase of IFNb mRNA and secretion and a decrease

of HSV-1 replication, whereas overexpression of Beclin-1 led

to a decrease of IFNb mRNA and secretion and an increase of

HSV-1 replication (Figures 2C–2K). On the other hand, depletion

of cGAS led to an increase of HSV-1 replication (Figures 2L and

2M). It should be noted that while infection of either the HSV-1

WT or the DICP34.5 mutant virus induced IFN responses in

RAW264.7 cells, the DICP34.5 mutant virus was a more potent

IFN inducer than the WT HSV-1 (Figures 2I and 2J). Finally, while

depletion of Beclin-1 had a moderate effect on cGAMP-induced

IFNb production, it robustly enhanced poly(I:C)- or Sendai virus-

mediated IFNb production (Figures S3A–S3D), suggesting that

the Beclin-1-mediated autophagy pathway tightly deregulates

RNA-mediated IFN responses.
Microbe 15, 228–238, February 12, 2014 ª2014 Elsevier Inc. 229
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Figure 1. cGAS Interacts with Beclin-1

(A) Domain structures of cGAS and Beclin-1. BD, Bcl-2 binding domain; CCD, coiled-coil domain; ECD, evolutionarily conserved domain; DBD, DNA binding

domain; CTD, C-terminal domain.

(B) cGAS interacts with exogenously expressing (left two panels) and endogenously expressing (right panel) Beclin-1 preferentially upon HT-DNA stimulation in

293T cells. At 48 hr posttransfection with Flag-cGAS and V5-Beclin-1 (left andmiddle) or Flag-cGAS only (right), 293T cells were stimulated with HT-DNA (2 mg/ml)

or HSV-1 (multiplicity of infection [moi] = 5) for 4 hr, and whole-cell lysates (WCLs) were subjected to immunoprecipitation (IP) and immunoblotting (IB) with

indicated antibodies.

(C) The Beclin-1 CCD binds to cGAS. WCLs of 293T cells transfected with Flag-cGAS and V5-Beclin-1 full-length or deletion mutants were used for IP and IB with

indicated antibodies.

(D) The cGAS NTase domain interacts with Beclin-1. WCLs of 293T cells transfected with V5-Beclin-1 and Flag-cGAS mutants were used for IP and IB with

indicated antibodies.

(E) Beclin-1 colocalizes with cGAS upon HT-DNA transfection. At 36 hr posttransfection with Flag-cGAS, HeLa cells were stimulated with HT-DNA (2 mg/ml) or

cGAMP (5 mM) for 4 hr, fixed, stained with anti-Flag (red) and anti-Beclin-1 (green) antibodies, and subjected to confocal analysis. DAPI stains the nucleus. The

right panel shows the colocalization index (number of punctate/cell) between cGAS and Beclin-1.

(F) At 48 hr posttransfection with Flag-cGAS WT, K173A/R176A DNA-binding mutant, or D225A/D227A enzymatic dead mutant, 293T cells were stimulated with

HT-DNA (2 mg/ml) for 4 hr, and WCLs were subjected to IP and IB with indicated antibodies. (**p < 0.005). See also Figures S1 and S2.
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We then tested whether Beclin-1 affected either the DNA-

binding ability or NTase enzymatic activity of cGAS. 293T cells

were transfected with biotin-labeled ISD, Flag-cGAS, and V5-

Beclin-1 (full-length or CCD alone), followed by biotin-labeled

DNA pull-down with streptavidin-conjugated beads and immu-

noblotting with Flag antibody. This showed that either V5-

Beclin-1 full-length or CCD alone showed little or no effect on

cGAS DNA-binding activity (Figure 3A). Furthermore, neither

depletion nor overexpression of Beclin-1 affected the colocaliza-

tion of cGAS with ISD in RAW264.7 cells (Figure S3E). To mea-

sure the NTase activity of cGAS in the presence or absence of

Beclin-1, we purified Flag-cGAS and Flag-Beclin-1 full-length

proteins from 293T cells as well as maltose binding protein

(MBP)-cGAS, cGAS, and His-Beclin-1 CCD alone from E. coli.

It should be noted that both the mammalian cell-purified Flag-

cGAS protein and the bacterially purified MBP-cGAS fusion pro-

tein displayed basal levels of NTase activity in the absence of

DNA stimulation. Using these purified proteins, we reconstituted
230 Cell Host & Microbe 15, 228–238, February 12, 2014 ª2014 Else
cGAMP production by cGAS in the presence or absence of

Beclin-1 full-length or CCD and analyzed the products using

thin-layer chromatography. Full-length Beclin-1 and CCD both

effectively suppressed the NTase activity of cGAS, leading to

the significant reduction of cGAMP production (Figures 3B, 3C,

and S3F). These results indicate that Beclin-1 interaction sup-

presses the NTase activity of cGAS, decreasing cGAMP synthe-

sis and thereby decreasing IFNb production.

cGAS Is Required for dsDNA Stimulation-Induced
Autophagy
A recent study has demonstrated that cytosolic DNA triggers the

STING-dependent delivery of microbes to autophagosomes,

which ultimately eliminates intracellular pathogens, indicating

that there is a potential link between DNA sensing and autophagy

(Watson et al., 2012). Using light chain 3 (LC3) as an autophago-

some marker, we first compared GFP-LC3 staining patterns:

upon autophagic stimulation, GFP-LC3 shifts from diffuse
vier Inc.
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Figure 2. Beclin-1 Negatively Regulates cGAS-Mediated IFN Responses

(A and B) Lentivirus-shRNA-mediated Beclin-1 knockdown and overexpression in RAW264.7 cells (A) or L929 cells (B). RAW264.7 cells and L929 cells were

infected with lentivirus-shRNA-control (shcontrol), two different lentivirus-shRNA-Beclin-1 (shBeclin-1-A or shBeclin-1-B), or lentivirus-Beclin-1-3Flag and

selected by puromycin for 2 weeks. Knockdown and overexpression of Beclin-1 were verified by IB with indicated antibodies.

(C) RAW264.7 stable cell lines were stimulated with HT-DNA (2 mg/ml), and IFNb production was measured by ELISA at 12 hr poststimulation.

(D) RAW264.7 stable cell lines were stimulated with HT-DNA (2 mg/ml), and IFNb mRNA levels were measured by qPCR at 6 hr poststimulation.

(E) RAW264.7 stable cell lines were stimulated with HSV-1 (moi = 5), and IFNb production was measured by ELISA at 12 hr poststimulation.

(F) L929 cells were stimulated with HT-DNA (2 mg/ml), and IFNb production was measured by ELISA at 12 hr poststimulation.

(G) L929 cells were stimulated with HT-DNA (2 mg/ml), and IFNb mRNA levels were measured by qPCR at 6 hr poststimulation.

(H) L929 cells were stimulated with HSV-1 (moi = 5), and IFNb production was measured by ELISA at 12 hr poststimulation.

(I and J) Raw-shcontrol, Raw-shBeclin-1, and Raw-Beclin-1-3Flag cell lines were infected with wild-type HSV-1 orDICP34.5mutant at moi = 5. IFNbmRNA levels

were measured by qPCR at 6 hr postinfection (I), and IFNb production was measured by ELISA at 12 hr postinfection (J).

(K) Raw-shcontrol, Raw-shBeclin-1, and Raw-Beclin-1-3Flag cell lines were infected with wild-type HSV-1 at moi = 1. Culture mediums were collected at 24 hr

postinfection and subjected to standard plaque assay.

(L and M) L929-shLuci and L929-shcGAS cell lines were infected with wild-type HSV-1 at moi = 0.1 (L) or moi = 1 (M). Culture mediums were collected at 24 hr

postinfection and subjected to standard plaque assay. (*p < 0.05, **p < 0.005). See also Figure S3.
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cytoplasmic staining to punctate cytoplasmic labeling, specif-

ically of preautophagosomal and autophagosomal membranes

(Mizushima et al., 2004). Stimulation of bone marrow-derived

macrophages (BMDMs) from GFP-LC3 transgenic mice with

Cy3-labeled ISD led to the robust formation of cytoplasmic

GFP-LC3 punctate structures, showing nearly complete colocal-

ization of these structures with Cy3- or Cy5-labeled ISD or

LAMP1 late endosomal marker (Figures 4A, S4A, and S4B).

Human THP-1 macrophage cells also showed punctate forma-
Cell Host &
tion and colocalization of Cy3-ISD and endogenouse LC3

upon ISD treatment (Figure S4B). This was specific to dsDNA

stimulation since the stimulation of BMDMs with Cy3-labeled

single-stranded DNA (ssDNA) did not lead to punctate for-

mation or colocalization (Figure S4C). Furthermore, depletion

of the cGAS expression in BMDMs reduced cytoplasmic

GFP-LC3 punctate formation and eliminated colocalization

with Cy3-labeled ISD (Figure 4A). Finally, mouse BMDMs were

infected with control luciferase-specific shRNA lentivirus or
Microbe 15, 228–238, February 12, 2014 ª2014 Elsevier Inc. 231
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Figure 3. Beclin-1 Blocks cGAS Enzymatic

Activity

(A) Beclin-1 does not affect the DNA-binding

activity of cGAS. Biotin-labeled ISD, Flag-cGAS,

and V5-Beclin-1 full-length or CCD domain (aa

150–224) only were transfected into 293T cells

with the indicated combinations. WCLs were har-

vested and subjected to streptavidin-agarose pull-

down and IB with indicated antibodies.

(B andC) Beclin-1 blocks cGAS enzymatic activity.

In vitro enzymatic assays were performed in the

presence of a-32P-labeled GTP and cold GTP/ATP

with full-length cGAS and Beclin-1 purified from

mammalian cells (B) or MBP-cGAS (aa 141–507)

and full-length Beclin-1 or CCD domain (aa 150–

224) purified from E. coli (C). cGAMP production

was analyzed by TLC and autoradiograph. The

arrow shows the running direction, and the arrow

heads indicate the spotted origin (bottom) and the

migrated cGAMP (top). See also Figure S3.
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cGAS-specific shRNA lentivirus (Figure S4D), followed by trans-

fection of biotin-labeled ISD and streptavidin-mediated pull-

down. This resulted in efficient recovery of an ISD-LC3 complex

in control shRNA lentivirus-treated BMDMs, but not in cGAS-

depleted BMDMs (Figure 4B). These results indicate that cyto-

solic ISD induces autophagy and also recruits LC3-positive

autophagic vesicles in a cGAS-dependent manner.

To further test whether cGAS-mediated DNA sensing affects

autophagy, L929 cells were stably infected with lentivirus con-

taining cGAS-specific shRNA, and 293T cells were infected

with lentivirus containing Flag-cGAS, resulting in the specific

decrease and increase of cGAS expression, respectively (Fig-

ure S4D). Immunoblotting was then performed with an antibody

against LC3 to measure autophagic activity. During autophagy,

an LC3 precursor (LC3-I) undergoes lipidation to yield the pro-

cessed form (LC3-II). A large portion of LC3-I was converted to

LC3-II following rapamycin treatment in both L929 and 293T

cells, regardless of a decrease or increase in cGAS expression

(Figures 4C, 4D, S4E, and S4F). By striking contrast, there was

little processed LC3-II detected in L929 cells with cGAS deple-

tion upon HT-DNA treatment, whereas increased LC3-II conver-

sion was detected in 293T cells with cGAS overexpression under

the same conditions (Figures 4C, 4D, S4E, and S4F). Upon rapa-
232 Cell Host & Microbe 15, 228–238, February 12, 2014 ª2014 Elsevier Inc.
mycin treatment, the numbers of GFP-

LC3 punctate-positive cells and the

numbers of GFP-LC3-positive dots per

cells were not detectably affected by the

levels of cGAS expression (Figures 4E

and 4F). Upon HT-DNA or ISD treatment,

however, the numbers of GFP-LC3

punctate-positive cells and the numbers

of GFP-LC3-positive dots per cells

decreased in cells with cGAS depletion

and increased in cells with cGAS overex-

pression (Figures 4E and 4F). While infec-

tion of either the HSV-1 WT or the

DICP34.5 mutant induced autophagy

(LC3 punctate formation and processing)

in BMDMs of WT or GFP-LC3 transgenic
mice, the DICP34.5 mutant virus led to levels of autophagy

higher than those of the WT virus (Figures 5A and 5B). In

contrast, decreased cGAS expression resulted in the reduction

of autophagy (Figures 5A and 5B), suggesting that the DNA

sensor cGAS contributes to HSV-1 infection-induced auto-

phagy. Finally, depletion of Beclin-1 expression suppressed

dsDNA-induced or rapamycin-induced LC3 punctate formation

in BMDMs of WT or GFP-LC3 transgenic mice (Figures 5C–

5E), further indicating a critical role for Beclin-1 in autophagy.

To investigate the roles of cGAS and STING in dsDNA-induced

autophagy, 293T-vector, 293T-cGAS, 293T-cGAS/STING, WT

BMDMs, cGAS-depleted BMDMs, and STING�/� BMDMs

were stimulated with HT-DNA or cGAMP. GFP-LC3 punctate

formation and LC3 processing were subsequently analyzed.

HT-DNA stimulation induced a low level of LC3 processing in

293T-cGAS cells and an increased level of LC3 processing

in 293T-cGAS/STING cells (Figure S5A). Interestingly, HT-

DNA stimulation, but not cGAMP stimulation, still induced

GFP-LC3 punctate formation and LC3 processing in STING�/�

BMDMs, although at low levels (Figures S5B–S5D). In contrast,

cGAMP stimulation, but not HT-DNA stimulation, induced

GFP-LC3 punctate formation and LC3 processing in cGAS-

depleted BMDMs (Figures S5B–S5D). Colocalization efficiency
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Figure 4. cGAS Is Required for dsDNA Stimulation-Induced Autophagy

(A) Depletion of cGAS expression blocks the colocalization of Cy3-ISD and GFP-LC3 in BMDMs. At 48 hr postinfection with lentivirus-shRNA-Luciferase (shLuci)

or lentivirus-shRNA-cGAS (shcGAS), GFP-LC3 BMDMs were stimulated with Cy3-ISD for 4 hr, fixed, and analyzed by confocal microscope (left panel).

Colocalization efficiency (%) of Cy3-ISD with GFP-LC3 in shcGAS-BMDMs was compared with that of shLuci-BMDMs (100%).

(B) Depletion of cGAS expression blocks the association between ISD and LC3. At 48 hr postinfection with shLuci or shcGAS, BMDMs were stimulated with

Biotin-ISD for 4 hr, and WCLs were harvested and subjected to streptavidin-agarose pull-down and IB with LC3 antibody.

(C) Depletion of the cGAS expression blocks HT-DNA-mediated (right panel), but not rapamycin-mediated (left panel), LC3 processing. L929-shLuci and L929-

shcGAS cells were stimulatedwith rapamycin (2 mM) or HT-DNA (2 mg/ml). WCLswere harvested at the indicated time points and analyzed by IBwith the indicated

antibodies.

(D)Overexpressionof cGASpromotesHT-DNA-mediated (right panel), but not rapamycin-mediated (left panel), LC3processing. 293T-vector and293T-cGAS-Flag

cellswerestimulatedwith rapamycin (2mM)orHT-DNA (2mg/ml).WCLswereharvestedat the indicated timepointsandanalyzedby IBwith the indicatedantibodies.

(E) Depletion of cGAS expression impairs HT-DNA- or ISD-mediated, but not rapamycin-mediated, LC3 punctate formation. At 36 hr posttransfection with GFP-

LC3, L929-shLuci and L929-shcGAS cells were stimulated with rapamycin, HT-DNA (2 mg/ml), or ISD (2 mg/ml) for 4 hr and fixed to examine GFP-positive LC3

punctate under confocal microscope.

(F) Overexpression of cGAS promotes HT-DNA- or ISD-mediated, but not rapamycin-mediated, LC3 punctate formation. At 36 hr posttransfection with GFP-LC3,

293T-vector and 293T-cGAS-Flag cells were stimulated with rapamycin, HT-DNA, or ISD for 4 hr and fixed to examine GFP-positive LC3 punctate under confocal

microscope (*p < 0.05, **p < 0.005). See also Figures S4 and S5.
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of GFP-LC3 punctate structures with Cy3-labeled ISD was lower

in STING�/�BMDMs andmuch lower in cGAS-depleted BMDMs

than in WT BMDMs (Figure S5E). These results collectively indi-

cate that cytosolic DNA stimulates cGAS, leading to the robust

induction of autophagy and triggering the delivery of DNA to au-

tophagosomes. Furthermore, the cytosolic DNA-induced auto-

phagy pathway appears to be complex since cGAMP-induced

autophagy is primarily dependent on STING, whereas the

cGAS-Beclin-1-induced autophagy is less dependent on STING.

cGAS Promotes PI3KC3 Kinase Activity
TheBeclin-1-PI3KC3 (Vps34) core complex plays a crucial role in

the induction of the autophagic process by generating phospha-
Cell Host &
tidylinositol 3-phosphate (PtdIns-3-P)-rich membranes, which

act as platforms for autophagy protein recruitment and autopha-

gosome nucleation. Specifically, Atg14L and Rubicon associate

with the Beclin-1-PI3KC3 (Vps34) core complex where Atg14L

positively regulates autophagy at various steps, whereas

Rubicon negatively regulates both autophagy and endocytosis

at the membrane fusion step by suppressing PI3KC3 lipid kinase

activity (Matsunaga et al., 2009; Sun et al., 2011; Zhong et al.,

2009). To examine how cGAS can induce autophagy, 293T-

vector or 293T-cGAS-Flag cells were stimulated with HT-DNA

for various periods, followed by the purification of Beclin-1 com-

plexes. This showed that while Rubicon continuously associated

with Beclin-1 complexes in 293T-vector cells upon HT-DNA
Microbe 15, 228–238, February 12, 2014 ª2014 Elsevier Inc. 233
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Figure 5. The Role of cGAS in HSV-1-Induced Autophagy and the Role of Beclin-1 in dsDNA-Induced Autophagy

(A) GFP-LC3-shLuci-BMDMs and GFP-LC3-shcGAS-BMDMswere infected with wild-type HSV-1 or DICP34.5 mutant at moi = 5 for 3 hr, fixed, and subjected to

confocal microscopy analysis.

(B) shLuci-BMDMs and shcGAS-BMDMswere infected with wild-type HSV-1 orDICP34.5 mutant at moi = 5 for 3 hr, lysed, and subjected to IB with the indicated

antibodies.

(C) Lentivirus-shRNA-mediated Beclin-1 knockdown in BMDMs.

(D) GFP-LC3-shcontrol-BMDMs andGFP-LC3-shBeclin-1-BMDMswere transfected with Cy3-ISD for 6 hr, fixed, and subjected to confocal microscopy analysis

for the colocalization efficiency (%) of Cy3-ISD and GFP-LC3.

(E) GFP-LC3-shcontrol-BMDMs andGFP-LC3-shBeclin-1-BMDMswere treatedwith rapamycin or HT-DNA for 4 hr, fixed, and subjected to confocalmicroscopy

analysis (*p < 0.05, **p < 0.005).
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stimulation, it progressively dissociated from the Beclin-1 com-

plex in 293T-cGAS-Flag cells under the same conditions (Fig-

ure 6A). Furthermore, upon coexpression of Flag-Beclin-1 and

hemagglutinin (HA)-cGAS, levels of endogenous Rubicon

associated with Flag-Beclin-1 markedly decreased following

HT-DNA, but not cGAMP, stimulation, whereas endogenous

Atg14L and PI3KC3 (Vps34) associated with Flag-Beclin-1 was

not affected (Figures 6B and S5F). On the other hand, the inter-

action between Flag-Beclin-1 and HA-cGAS considerably

increased upon HT-DNA stimulation, similar to that shown in Fig-

ure 1B (Figure 6B). Gel filtration chromatography also showed

that upon HT-DNA stimulation, the elution profiles of Beclin-1

shifted right in fractions 18–30, and the elution profiles of cGAS

shifted left in fractions 20–32, showing that both proteins were

coeluted in fractions 22–30 (Figure 6C). It was specific for HT-

DNA stimulation since this shift of Beclin-1 elution profile was

not observed upon rapamycin stimulation conditions (Fig-

ure S6A). Since both cGAS and Rubicon efficiently bound the

first two CCDs (aa 144–207) (Figures S1A and S6B), increasing
234 Cell Host & Microbe 15, 228–238, February 12, 2014 ª2014 Else
the cGAS-Beclin-1 interaction led to decreasing the Rubicon-

Beclin-1 interaction in a dose-dependent manner (Figure S6C).

These results indicate that cGAS competes with Rubicon for

Beclin-1 binding, leading to the dissociation of Rubicon from

the Beclin-1 complex.

Finally, we examined PI3KC3 enzymatic activity by measuring

intracellular PtdIns-3-P levels and distributions. For this, we used

p40(phox) PX-eGFP fusion protein as a noninvasive probe since

the PX domain of p40(phox) specifically binds PtdIns-3-P (Vieira

et al., 2001). This showed that stimulation with HT-DNA or ISD

led to a significant increase in p40(phox) PX-eGFP punctate

structures, representing the presence of PtdIns-3-P-rich vesi-

cles as PI3KC3 enzymatic activity in 293T and L929 cells (Figures

6D and 6E). The intensity and number of p40(phox) PX-eGFP-

stained vesicles considerably increased upon cGAS expression,

whereas they drastically decreased upon cGAS depletion

(Figures 6D and 6E). Specifically, HT-DNA-induced PI3KC3

enzymatic activity depended strictly on cGAS expression

and partially on STING expression, whereas cGAMP-induced
vier Inc.
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Figure 6. cGAS Promotes PI3KC3 Kinase Activity

(A) Negative autophagy regulator Rubicon dissociates from the Beclin-1 complex upon HT-DNA stimulation. 293T-vector or 293T-cGAS-Flag cells were stim-

ulated with HT-DNA (2 mg/ml), and WCLs were harvested at the indicated time points for IP and IB with the indicated antibodies.

(B) cGAS suppresses Beclin-1 interaction with Rubicon. 293T cells were transfected with Flag-Beclin-1 and HA-cGAS with or without HT-DNA stimulation

(2 mg/ml), and WCLs were subjected to IP and IB with the indicated antibodies.

(C) Gel filtration of Beclin-1 complexes upon HT-DNA stimulation. 293T-vector or 293T-cGAS-Flag cells were stimulated with HT-DNA (2 mg/ml) for 6 hr, and

WCLs were harvested, fractionated, and analyzed by IB with the indicated antibodies.

(D and E) cGAS is required for dsDNA stimulation-induced PI3P production. At 2 days posttransfection with GFP-p40phox (PX), 293T-vector and 293T-cGAS-

Flag cells (D) or L929-shLuci and L929-shcGAS cells (E) were stimulated with HT-DNA (2 mg/ml) or ISD (2 mg/ml) for 4 hr. The intensity and distribution of PI3PGFP-

p40phox (PX) punctate were analyzed by confocal microscope.

(F) cGAS increases PI3KC3 (Vps34) kinase activity in vitro. Flag-PI3KC3 and V5-Beclin-1 were transfected into 293T cells with or without HA-cGAS or HT-DNA

(2 mg/ml) stimulation. Flag-PI3KC3 complexes were immunoprecipitated by anti-Flag M2 and subjected to an in vitro kinase assay (*p < 0.05). See also Figure S6.
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PI3KC3 enzymatic activity depended on STING, but not on

cGAS (Figure S6D). Also, depletion of Beclin-1 resulted in a

decrease of PI3KC3 enzymatic activity in BMDMs, but depletion

of Rubicon led to an increase of PI3KC3 enzymatic activity and

thereby a reduction of IFNb production (Figures S6E–S6H). To

further confirm the cGAS-mediated increase of PI3KC3 enzy-

matic activity, we expressed Beclin-1 alone or together with

cGAS and then measured PI3KC3 activity using an in vitro lipid

kinase and PtdIns-3-P production assay. This also showed

that the presence of cGAS efficiently enhanced PI3KC3 activity

and HT-DNA stimulation further augmented the PI3P production

(Figure 6F). These results suggest that the interaction of cGAS

with Beclin-1 leads to the dissociation of the negative autophagy
Cell Host &
factor Rubicon from the Beclin-1 complex, allowing the activa-

tion of PI3KC3 kinase activity and thereby increasing autophagy.

DISCUSSION

While a robust antimicrobial response is essential for controlling

pathogen infection, this response must be metered and ulti-

mately stopped when it reaches a late stage to avoid excessive

production of inflammatory cytokines, which could otherwise

lead to deleterious effects on the host. This suggests that halting

PRR signaling is as important as initiating it. Indeed, recent

studies have revealed that while the second messenger cGAMP

binds STING to induce type I IFN production (Wu et al., 2013), it
Microbe 15, 228–238, February 12, 2014 ª2014 Elsevier Inc. 235
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also activates the ULK1 autophagy kinase that subsequently

phosphorylates and blocks STING (Konno et al., 2013). We

report here that the direct interaction between the cGAS DNA

sensor and the Beclin-1 autophagy protein not only suppresses

the cGAS NTase activity to stop cGAMP production, but also re-

leases the Rubicon-mediated inhibition of autophagy, thereby

delivering cytosolic microbial DNA to autophagosomes for

degradation. These indicate that the cGAS-STING pathway

has at least two independent, feedback-negative regulatory

mechanisms, such as the Beclin-1-mediated suppression of

cGAS activity and the cGAMP-mediated inhibition of STING

activity, ultimately maintaining host immune system in check.

Previous studies have shown that cGAMP contains a distinct

phosphodiester 20-30 linkage and binds to the adaptor protein

STING, leading to a ligand-induced conformational change and

activation of STING (Ablasser et al., 2013; Gao et al., 2013). How-

ever, we found that STING expression was not essential for the

cGAS-Beclin-1 interaction, as Beclin-1 colocalized with cGAS

in stimulation-induced punctate compartments in STING�/�

cells. Furthermore, the interaction between cGAS and Beclin-1

was triggered by dsDNA stimulation or DNA virus infection,

but not by cGAMP. Indeed, the cGAS DNA-binding mutant

(K173A/R176A) failed to bind to Beclin-1, whereas the enzymat-

ically dead mutant (E225A/D227A) still bound to Beclin-1 as

strongly as WT cGAS did. These data suggest that the DNA

recognition activity, but not cGAMP production activity, of

cGAS is required for its interaction with Beclin-1 and that the

cross regulation between cGAS and Beclin-1 is separate from,

or lies upstream of, the cGAMP-STING signaling event. Further-

more, while cytosolic DNAs trigger autophagy to eliminate intra-

cellular pathogens, this pathway appears to be complex, since

cGAMP-induced autophagy is primarily dependent on STING,

whereas the cGAS-Beclin-1-induced autophagy is less depen-

dent on STING. Finally, besides cGAS, IFI16, DDX41, and other

intracellular molecules sense cytosolic DNAs and mount various

antiviral responses (Bhat and Fitzgerald, 2013). For instance,

DNA viruses, such as HSV-1, trigger autophagy during infection,

and recognition of viral DNA by the cellular autophagy sensor is a

critical step for the initiation of autophagy. However, it has not

been demonstrated whether IFI16, DDX41, or other cytosolic

DNA sensors also target Beclin-1 and/or induce autophagy.

Further detailed and mechanistic analysis is necessary to delin-

eate the mechanism of cytosolic DNA-triggered autophagy.

Rubicon interacts with the central CCD of Beclin-1, leading to

the inhibition of PI3KC3 activity and thereby blocking the matu-

ration step of autophagy (Matsunaga et al., 2009; Zhong et al.,

2009). This suggests that cGAS competitively binds the central

CCD of Beclin-1, ultimately releasing Rubicon from the Beclin-1

autophagy complex. Subsequently, this leads to PI3KC3 activa-

tion and autophagy induction to remove cytosolic pathogen

DNAs. This suggests that at the late stage of the host immune

response, cGAS may shuttle between the STING-mediated IFN

pathway and the Beclin-1-mediated autophagy pathway to elicit

IFN production while inducing autophagy-mediated DNA degra-

dation to avoid persistent immune stimulation. Thus, the cGAS

cytosolic DNA sensor orchestrates IFN and autophagy pathways

to ultimately optimize the timing and efficiency of host antimicro-

bicidal activity in response to various environmental stimuli and

infections.
236 Cell Host & Microbe 15, 228–238, February 12, 2014 ª2014 Else
EXPERIMENTAL PROCEDURES

Reagents and Plasmid Construction

HT-DNA, rapamycin, immunoglobulin G (IgG), BSA, anti-Flag M2-agarose and

all chemicals were purchased from Sigma unless otherwise indicated. ISDwas

prepared from equimolar amounts of the sense and antisense DNA oligonucle-

otides (sense strand sequence: 50-TACAGATCTACTAGTGATCTATGACT

GATCTGTACATGATCTACA-30 ). The oligonucleotides were heated at 95�C
for 5 min and cooled to room temperature. ATP and GTP were obtained

from Roche. cGAMP was purchased from Biolog. Poly(I:C) was purchased

from InvivoGen. Sendai virus was purchased from Charles River Laboratories.

All constructs for transient and stable expression in mammalian cells were

derived from the pEBG-glutathione S-transferase (GST) mammalian fusion

vector and the pER-IRES-Puro expression vector. DNA fragments corre-

sponding to the coding sequences of the human cGAS and Beclin-1 genes

were amplified by PCR, subcloned into pEF-IRES-Puro, and selected for

stable transfectants. GST-tagged Beclin-1 CCD and its mutants were cloned

into a pEBG derivative encoding an N-terminal GST epitope tag between the

BamHI and NotI sites. Flag-tagged truncated mutant constructs of cGAS

were created by subcloning the PCR products of cDNA fragments containing

each domain of the target genes into pER-IRES-Puro. V5-tagged truncated

mutant constructs of Beclin-1 were created by subcloning the PCR products

of cDNA fragments containing each domain of the target genes into pER-

IRES-Puro. Flag-hVps34, Flag-Rubicon, Flag-Beclin-1, and V5-Beclin-1

were described previously (Liang et al., 2013). All constructs were sequenced

using an ABI PRISM 377 Automated DNA Sequencer to verify 100% corre-

spondence with the original sequence.

Cell Culture

Cells including human embryonic kidney 293T (HEK293T), RAW264.7, L929,

and primary BMDMs of WT, GFP-LC3, or STING�/� mice were cultured in

Dulbecco’s modified Eagle’s medium (DMEM; Gibco-BRL) containing 4 mM

glutamine and 10% fetal bovine serum (FBS). THP-1 cells were grown in

RPMI 1640/glutamine supplemented with 10% FBS and treated with 20 nM

phorbol 12-myristate 13-acetate (PMA) (Sigma) for 24 hr to induce differentia-

tion into macrophage-like cells, followed by washing three times with PBS.

Transient transfections were performed with Lipofectamine 2000 (Invitrogen)

or calcium phosphate (Clontech Laboratories) according to themanufacturer’s

instructions. RAW264.7 and L929 stable cell lines were generated using a

standard selection protocol with 2–5 mg/ml of puromycin.

Lentivirus-Mediated shRNA Knockdown

Hairpin-forming oligonucleotides were designed and cloned into pLKO.1 len-

tiviral vector (Addgene), and these lentiviral vectors were employed to knock-

down the expressions of Beclin-1 or cGAS in RAW264.7, L929, or BMDM cells

by using the following targeting sequences (only sense strand sequence

is shown): mouse-cGAS: 50-GGATTGAGCTACAAGAATA-30; mouse-Beclin-

1-A: 50-CCCTATGGAAATCATTCCTAT-30; and mouse-Beclin-1-B: 50-CGGA

CAGTTTGGCACAATCAA-30.

Protein Purification

To purify human cGAS, 10 cm culture flasks (�30 plates) were transfected with

10 mg pIRES-hcGAS-3xFlag per plate. DNA was mixed with 20 ml PEI (polye-

thylenimine) transfection reagent (Polysciences) and incubated for 10 min.

After 48 hr, cells were scraped and washed with PBS. Cell pellet was obtained

by centrifugation and was lysed in 1% NP40 buffer (50 mM Tris [pH 8.0],

150 mM NaCl, 1% NP40, EDTA-free protease inhibitor) and sonicated with

20% amplitude for 20 s. Cell lysate was collected by centrifugation and filtered

using a 0.45 mm filter. Cell lysate was cleared twice by 150 ml and 100 ml of

Sepharose beads rotating at 4�C for 2 hr. The cleared cell lysates were incu-

bated with FLAG-M2 beads for 4 hr. cGAS-bound beads were washed five

times with cell lysis buffer and eluted using 33 FLAG peptides (Sigma). The

eluted protein was dialysed and concentrated using Amicon Ultra centrifugal

filters (Millipore). The concentrated protein was flash frozen in liquid nitrogen

and stored at �80�C for the cGAS enzyme assay.

The truncated form of murine MBP-cGAS fusion protein was expressed in

BL21 (DE3, RIPL strain (Ku et al., 2012). When E. coli was grown at 37�C until

reaching optical density 600 (OD600) = 0.6, the temperature was then shifted to
vier Inc.



Cell Host & Microbe

cGAS/Beclin-1 Interaction Shapes Innate Immunity
18�C, and E. coli was grown overnight by adding 1 mM isopropyl b-D-1-thio-

galactopyranoside (IPTG). Cells were collected by centrifugation and lysed

with 1% NP40 buffer as described above. Clarified lysates were mixed with

Ni-NTA agarose (Invitrogen) andwashedwith lysis buffer prior to elution of pro-

tein using 150 mM imidazole. MBP-tagged cGAS protein was digested with

AcTEV (Life Technologies) overnight at 4�C, cGAS protein was separated

from MBP by incubation with Ni-NTA agarose twice, and the eluted cGAS

was dialyzed with 40 mM Tris-Cl (pH 7.5) and 100 mMNaCl. The concentrated

protein was stored at �80�C for the in vitro cGAS enzyme assay.

In Vitro cGAS Activity Assay

For in vitro cGAS enzyme reaction, 1 mM MBP-cGAS was mixed with 250 mM

GTP and 10 mCi a-32P-labeled ATP in buffer (20 mM Tris-Cl [pH 7.5], 150 mM

NaCl, 5mMMgCl2, 1mMdithiothreitol [DTT]). After 2 hr incubation at 37�C, the
reaction was stopped, and 2 ml of reaction solution was spotted onto high-per-

formance thin-layer chromatography plates (HPTLC silica gel 60 F254, 20 3

10 cm). TLC conditions have been previously published (Gao et al., 2013).

The solvent used was NH4HCO3:C2H5OH:H20 = 0.2 M:70%:30%), and the re-

action molecules were separated at 25�C for 1 hr. Occasionally, the reaction

was treated with 5 units of Alkaline phosphatase (Roche) for 30 min to stop

the reaction, and 1 ml of reaction solution was spotted onto TLC plates with

the solvent 1:1.5 (v/v) 1 M (NH4)2SO4 and 1.5 M KH2PO4. To visualize the re-

action, the TLC plates were air dried and subjected to Fuji Phosphorimager.

Immunoblot Analysis and Immunoprecipitation

Cell lysates were collected in 1% NP40 buffer and quantified by Bradford pro-

tein assay (Thermo Scientific). Proteins were separated by SDS-PAGE and

transferred to polyvinylidene fluoride (PVDF) membrane (Bio-Rad) by semi-

dry transfer at 25 V for 30 min. All membranes were blocked in 5% milk in

PBS with Tween 20 (PBST) and probed overnight with indicated antibodies

in 5% BSA at 4�C. Primary antibodies included mouse Flag (Sigma), rabbit

V5 (Bethyl Laboratories), rabbit HA (Covance), mouse GST (Santa Cruz),

mouse and rabbit Beclin-1 (Cell Signaling Technology), rabbit Atg14 (Cell

Signaling Technology), rabbit Vps34 (Cell Signaling Technology), rabbit

Rubicon (Bethyl Laboratories), mouse LC3 (Cosmo Bio), and actin (Santa

Cruz). Appropriate HRP-conjugated secondary antibodies were incubated

on membranes in 5% milk, and bands were developed with ECL reagent

(Thermo Scientific) and imaged on a Fuji LAS-4000 imager.

For immunoprecipitation, cells were harvested and then lysed in 1% NP40

buffer supplemented with a complete protease inhibitor cocktail (Roche). After

being precleared with protein A/G agarose beads for 1 hr at 4�C, whole-cell

lysates were used for immunoprecipitation with the indicated antibodies.

Generally, 1–2 mg of commercial antibody was added to 1 ml of cell lysates

and incubated at 4�C for 4–12 hr. After the addition of protein A/G agarose

beads for 1 hr, immunoprecipitates were extensively washed with lysis buffer

and eluted with SDS loading buffer by boiling for 5 min.

Enzyme-Linked Immunosorbent Assay

RAW264.7 and L929 cells were treated as indicated and processed for anal-

ysis by sandwich ELISA. Cell culture supernatants were analyzed for IFNb

production using a mouse IFNb ELISA kit (PBL Biomedical Laboratories)

according to the manufacturer’s protocols (Liang et al., 2011a, 2011b).

RNA Extraction and Quantitative RT-PCR

Total RNA was isolated from cells with the RNeasy Mini Kit (QIAGEN) and

treated with RNase-free DNase according to the manufacturer’s protocol.

Complementary DNA was reverse transcribed from 2 mg of total RNA using

the iScript cDNA Synthesis Kit (Bio-Rad), and qPCR was performed with iQ

SYBRGreen Supermix (Bio-Rad). Primer sequences for qPCRwere as follows:

mouse IFNb, sense: TCCGAGCAGAGATCTTCAGGAA, antisense: TGCAAC

CACCACTCATTCTGAG; mouse HPRT, sense: CAGTCCCAGCGTCGTGAT

TAG, antisense: AAACACTTTTTCCAAATCCTCGG; mouse cGAS, sense:

ACCGGACAAGCTAAAGAAGGTGCT, antisense: GCAGCAGGCGTTCCACA

ACTTTAT.

Confocal Fluorescence Microscopy

For immunostaining, HeLa, RAW264.7, and BMDM cells were seeded on

12-well culture dishes that contained 18 mm diameter round glass coverslips
Cell Host &
(105 cells per well). After transfection or stimulations, cells were fixed with 4%

paraformaldehyde inPBSat 4�C for 10minandpermeabilizedwith 0.25%Triton

X-100 in PBS for 15min before being treatedwith 5%BSA for 1 hr at 25�C. Cul-
tures were then stained with primary antibodies, including rabbit anti-Flag

(Sigma), mouse anti-Beclin-1 (Cell Signaling Technology), mouse anti-LAMP1

(Abcam), andmouseanti-LC3 (CosmoBio) overnight at 4�C.Afterwashing to re-

move excess primary antibodies, the cultures were incubated for 1 hr at room

temperature with the following fluorescently labeled secondary antibodies:

anti-rabbit IgG- fluorescein isothiocyanate (FITC) or tetramethylrhodamine iso-

thiocyanate (TRITC) and anti-mouse IgG-FITC or TRITC (Molecular Probes).

Cells were imagedwith laser-scanning confocalmicroscopy (NikonEclipseC1).

PI3KC3 Kinase Assay

PI3KC3 (hVps34) kinase assay was performed in vitro as previously described

(Liang et al., 2013). Briefly, Flag-tagged hVps34 and V5-tagged Beclin-1 were

coexpressed in HEK293T cells in the presence or in the absence of HA-tagged

cGAS. Flag-tagged hVps34 complexes were immunoprecipitated with anti-

Flag M2 beads (Sigma); washed successively with lysis buffer, washing buffer

(100mM Tris-HCl [pH 7.4], 500mMNaCl), and reaction buffer (10 mM Tris-HCl

[pH 8], 100 mM NaCl, 1 mM EDTA, and 100 mM MnCl2); and incubated with

2 nmol phosphoinositol (PI) substrate and 1.25 nmol ATP in 25 ml reaction

mixture at room temperature for 1 hr. The phosphatidylinositol (3,4)-bisphos-

phate (PI[3,4]P2) product was measured using Class III PI3-Kinase Kit accord-

ing to the manufacturer’s protocols (Echelon Biosciences Inc.).

Gel Filtration Chromatography

Cells were harvested at 6 hr after HT-DNA transfection, washedwith cold PBS,

resuspended in buffer (20 mM Tris-HCl [pH 7.5], 150 mMNaCl, 1.5 mMMgCl2,

20 mM b-glycerophosphate, 1 mM sodium orthovanadate, 10% glycerol,

0.5 mM EGTA, 0.5% Triton X-100 or 0.2% NP40, 1 mM PMSF, and 10 ug/ml

leupeptin), and lysed by three rounds of freezing and thawing followed by

10 s of sonication in a microultrasonic cell disrupter. Cell lysates were clarified

by centrifugation at 13,000 rpm for 30 min at 4�C followed by passage through

a 0.22 mM filter. The supernatants were fractionated on a Superose 6 gel

column with a HPLC system (Bio-Rad) (Liang et al., 2012). Fractions were

analyzed by western blot.

Statistical Analysis

All data were analyzed using a two-tailed Student’s t test with a minimum of

n = 3. p values less than 0.05 were considered significant.
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