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The stress granule protein G3BP1 promotes
pre-condensation of cGAS to allow rapid responses
to DNA
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Abstract

Cyclic GMP-AMP synthase (cGAS) functions as a key sensor for micro-
bial invasion and cellular damage by detecting emerging cytosolic
DNA. Here, we report that GTPase-activating protein-(SH3 domain)–
binding protein 1 (G3BP1) primes cGAS for its prompt activation by
engaging cGAS in a primary liquid-phase condensation state. Using
high-resolution microscopy, we show that in resting cells, cGAS
exhibits particle-likemorphological characteristics, which are mark-
edly weakenedwhen G3BP1 is deleted. Upon DNA challenge, the pre-
condensed cGAS undergoes liquid–liquid phase separation (LLPS)
more efficiently. Importantly, G3BP1 deficiency or its inhibition dra-
matically diminishes DNA-induced LLPS and the subsequent activa-
tion of cGAS. Interestingly, RNA, previously reported to form
condensates with cGAS, does not activate cGAS. Accordingly, we find
that DNA – but not RNA – treatment leads to the dissociation of
G3BP1 from cGAS. Taken together, our study shows that the primary
condensation state of cGAS is critical for its rapid response to DNA.
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Introduction

A common event of pathogen infection is the introduction of foreign

nucleic acids, such as DNA, into the cytoplasm of the host cell

(Barbalat et al, 2011; Gurtler & Bowie, 2013). Cytosolic DNA

detecting is one of the fundamental mechanisms for the host to

sense invading pathogens (Stetson & Medzhitov, 2006; Takeuchi &

Akira, 2010; Gurtler & Bowie, 2013; Wu & Chen, 2014). Among the

identified intracellular DNA sensors, cGAS plays a pivotal role in

innate immunity (Li et al, 2013b). When it binds to DNA, cGAS is

activated and, in turn, catalyzes the synthesis of the second messen-

ger molecule cyclic GMP-AMP (cGAMP) (Ablasser et al, 2013; Gao

et al, 2013a; Li et al, 2013b; Sun et al, 2013). As a ligand of the

endoplasmic reticulum (ER)–associated adaptor protein STING (also

known as ERIS; MITA; MPYS) (Ishikawa & Barber, 2008; Zhong

et al, 2008; Sun et al, 2009), cGAMP binds to STING and elicits a

series of downstream events that lead to the extensive production of

type I interferons (IFNs) and other cytokines (Bowie, 2012; Gao

et al, 2013a; Gao et al, 2013b). cGAS thus executes a crucial func-

tion in transducing signals by sensing invading pathogens to trigger

the activation of anti-infection immune responses. Besides microbial

infections, reverse transcription of endogenous retroviruses or cellu-

lar damage can also result in the presence of free DNA in the cyto-

plasm (O’Neill, 2013; Ahn & Barber, 2014; Kassiotis & Stoye, 2016).

The chronical activation of cGAS by such self-DNA is a major cause

for several autoimmune diseases, such as lupus and Aicardi–

Gouti�eres syndrome (AGS; Aicardi & Goutieres, 1984; Ahn & Barber,

2014; Lisnevskaia et al, 2014; Crow & Manel, 2015). Therefore, it is

critical to understand how cGAS activation is precisely regulated.

It was recently reported that upon activation, DNA robustly

induces the formation of liquid droplets containing cGAS (Du &

Chen, 2018; Xie et al, 2019). These cGAS-DNA condensates are

formed via LLPS. LLPS is a physicochemical process that allows

macromolecules, such as proteins and nucleic acids, to condensate

into a dense phase (Jiang et al, 2015; Boeynaems et al, 2018; Fox

et al, 2018; Martin et al, 2019). Accumulating evidence
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demonstrates that LLPS is a key mechanism underlying the forma-

tion of membrane-less organelles (Feric et al, 2016; Lee et al, 2016;

Fei et al, 2017; Mitrea et al, 2018; Fujioka et al, 2020; Yasuda et al,

2020). These temporarily assembled cellular compartments confer

an important capacity for the cells to dynamically and efficiently

organize functional units or reactions in response to different

stresses (Kroschwald et al, 2015; Riback et al, 2017; Franzmann

et al, 2018; Franzmann & Alberti, 2019). In the case of DNA detec-

tion by cGAS, the liquid droplets provide microreactors, in which

cGAS, the enzyme, and the reactants, DNA, ATP and GTP, are

highly concentrated (Du & Chen, 2018). This process allows the effi-

cient activation of cGAS.

Another well-studied membrane-less organelle is the stress gran-

ule (SG) (Molliex et al, 2015; Protter & Parker, 2016; Boeynaems

et al, 2017; Youn et al, 2019). SGs are cytoplasmic puncta, mainly

containing RNAs and proteins, assembled through LLPS unpon dif-

ferent types of stresses, such as oxidative stress and RNA virus

infection (Buchan & Parker, 2009; Onomoto et al, 2014; McCormick

& Khaperskyy, 2017). Among the known proteins in SG, G3BP1 is

believed to be a critical organizer of SG assembly and regulates

properties and composition of SGs (Tourriere et al, 2003; Yang et al,

2020). As a core protein for SG regulation, G3BP1 contains a special

amino acid sequence feature called the intrinsically disordered

region (IDR) (Guillen-Boixet et al, 2020; Sanders et al, 2020; Yang

et al, 2020). For instance, the arginine–glycine–glycine (RGG) motif

of G3BP1 is a IDR (Chong et al, 2018). The IDR in G3BP1 is critical

for mediating weak multivalent protein–protein or protein–nucleic

acid interactions and facilitating the LLPS process (Guillen-Boixet

et al, 2020; Sanders et al, 2020; Yang et al, 2020). We recently

found that G3BP1 is critical for DNA binding and activation of cGAS

(Liu et al, 2019). In the current study, we further show that G3BP1

primes cGAS activation by forming primary condensates with cGAS

in the resting state, while DNA engagement leads to the dissociation

of G3BP1 from cGAS. Multiple regions of G3BP1, including the

nuclear transporter factor 2 (NTF2)–like domain, the RNA recogni-

tion module (RRM) and the RGG domain, were required for cGAS-

G3BP1 binding and the formation of cGAS-G3BP1 condensates. In

the presence of G3BP1, DNA was much more efficient at inducing

LLPS and activation of cGAS. In addition, zinc ions that are known

to enhance cGAS activity (Du & Chen, 2018), also induced the for-

mation of cGAS condensates both in vitro and in vivo. Thus, our

study shows that the G3BP1-mediated formation of the primary

condensation state of cGAS is a critical step for an expeditious

response to cytosolic DNA.

Results

G3BP1 engages cGAS in a condensed state

We previously reported that G3BP1 promotes the DNA binding and

activation of cGAS (Liu et al, 2019). Interestingly, when recombi-

nant cGAS was incubated with G3BP1, but not when it was incu-

bated with bovine serum albumin (BSA), the control protein, the

solution became turbid (Fig 1A). We then observed the solution

under a microscope and found that many droplets appeared when

cGAS and G3BP1 were mixed, and the formation of these droplets

was further increased in the presence of DNA (Fig 1A). cGAS activ-

ity can be examined using an in vitro cGAMP synthesis assay, in

which recombinant cGAS protein is incubated with DNA, ATP, and

GTP (Li et al, 2013a; Dai et al, 2019). Using this assay, we showed

that with G3BP1, cGAS produced much higher amounts of cGAMP

(Fig 1B). To further analyze the cGAS-G3BP1 droplets, we incubated

cGAS with G3BP1 at different concentrations and found that G3BP1

promoted cGAS condensation in a dosage-dependent manner

(Fig 1C). Because cGAS is known to undergo LLPS upon DNA

engagement, we further purified recombinant cGAS and G3BP1 pro-

teins with heparin affinity chromatography followed by Ni-agarose

purification to remove potential nucleic acid contaminations. With

the purified proteins, we obtained similar results showing that G3BP1

alone can form condensates with cGAS (Fig EV1A).

We then examined if the G3BP1-mediated formation of cGAS

droplets was a similar process to DNA-triggered cGAS LLPS. We first

purified mCherry-tagged recombinant cGAS (Fig EV1B) and induced

cGAS LLPS with a 60 base-pair (bp) FAM (6-carboxy-fluorescein)–

labeled double-stranded DNA (dsDNA). As shown in Fig EV1C,

mCherry-tagged cGAS robustly formed droplets with dsDNA. By

recording the dynamic formation process of these droplets, we found

that the smaller cGAS-DNA droplets can fuse into bigger ones

(Fig 1D, Movie EV1). In contrast, the fusion of cGAS-G3BP1 droplets

was barely detected (Fig 1E, Movie EV2). Next, using fluorescence

recovery after photobleaching (FRAP), we showed that the fluores-

cence intensity of cGAS-DNA droplets recovered soon after bleaching

(Fig 1F and G, Movie EV3). These data indicate that the cGAS-DNA

◀ Figure 1. G3BP1 engages cGAS in a condensed state.

A Turbidity and bright-field microscope images of indicated groups (left) and the quantitative analysis of turbidity of samples were measured by absorbance at 600 nm
(right). 10 lM cGAS, 5 lM G3BP1, 5 lM BSA and 100 nM dsDNA (60 bp) were used in these assays. n = 3 biological replicates.

B cGAMP production assays. Recombinant cGAS (10 lM) and G3BP1 (10 lM) were incubated with 100 nM dsDNA. The produced cGAMP was quantitatively analyzed
by liquid chromatography–mass spectrometry/multiple reaction monitoring (LC-MS/MRM). ND, not detected. n = 3 technical replicates.

C Bright-field microscope images of cGAS (10 lM) with indicated concentrations of BSA or G3BP1 (left) and a quantitative analysis of the total area of condensates
(right). n = 3 biological replicates.

D Time-lapse imaging of liquid droplets fusion after mixing 10 lM cGAS-mCherry with 1 lM FAM-labeled dsDNA.
E Time-lapse imaging of liquid droplets fusion after mixing 40 lM cGAS-mCherry with 10 lM G3BP1-mEGFP.
F FRAP analysis of DNA-induced droplets of cGAS (1 lM dsDNA, 10 lM cGAS-mCherry), the yellow dotted circle indicated the region of photobleaching.
G FRAP curve of (F). n = 3 biological replicates.
H FRAP analysis of cGAS-G3BP1 droplets. 10 lM cGAS-mCherry and 5 lM G3BP1 were used. The yellow dotted circle indicated the region of photobleaching.
I FRAP curve of (H). n = 3 biological replicates.

Data information: Representative images are shown (A, C–F and H). Error bars, mean with s.d. (A–C, G and I), *P < 0.05, ****P < 0.0001, two-tailed t-test. NS, non-
significant; FRAP, fluorescence recovery after photobleaching. Scale bars, 10 lm (A and C), 5 lm (D), 3 lm (E), 2 lm (F and H). See also Fig EV1.
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droplets are dynamically exchanging molecules with the environ-

ment, which is a hallmark of LLPS. The cGAS-G3BP1 droplets, how-

ever, exhibited much lower fluorescence recovery rate (Fig 1H and I,

Movie EV4). Thus, the G3BP1-mediated formation of cGAS droplets

was not as dynamic as for the droplets induced by DNA. These

observations suggested that cGAS may undergo gel-like transitions

without the engagement of DNA. We termed this G3BP1-engaged

gel-like transition of the cGAS ‘primary condensation state’.

G3BP1 engages cGAS in a condensed state in vivo

To confirm the above findings in cells, we analyzed cGAS in both

wild-type (WT) and G3BP1-deficient U937 cells, a monocytic cell

line that is widely used to study cGAS activation (Watson et al,

2015). To do so, we first confirmed the specificity of our anti-cGAS

antibodies in immunofluorescence experiments using cGAS-deleted

U937 and HeLa cells (Fig EV1D). We then generated G3BP1-null

U937 and HeLa cells (Fig EV1E and F). Using high-resolution

microscopy, we found that cGAS showed particle-like morphological

characteristics in U937 cells (Fig 2A). Consistent with our previous

findings (Liu et al, 2019), cGAS and G3BP1 were colocalized in

these cells (Fig 2A). Importantly, the particle-like characteristics of

cGAS was markedly weakened when G3BP1 was deleted (Fig 2A–

C). This phenomenon was further confirmed in G3BP1-deficient

HeLa cells (Fig EV1G–I). The above data showed that in G3BP1-

deficient cells, cGAS appeared to predominantly localize to the

nucleus. To examine the cGAS subcellular distribution upon G3BP1

deletion, we detected cGAS expression in the cytosolic and nuclear

fractions from both WT and G3BP1�/� cells and found that G3BP1

deficiency did not obviously affect the subcellular distribution of

cGAS (Figs 2D and Fig EV1J). Thus, the ablation of G3BP1 resulted

in the disorganization of cGAS primary condensation in cytoplasm.

The G3BP1-engaged primary condensation state of cGAS seemed to

be important, because the deficiency of G3BP1 resulted in damp-

ened cGAS activation (Fig 2E–G).

It has been reported that cancer cells exhibit basal levels of cyto-

plasmic DNA (Shen et al, 2015). To rule out the possibility that the

cGAS condensation we observed in U937 and HeLa cells may be

attributed to existing cytoplasmic DNA in these cells, we measured

the cytoplasmic dsDNA levels in HeLa cells and U937 cells using

anti-dsDNA antibodies. We also included a human fibroblast cell

line, Hs27, in this experiment. Using immunofluorescence staining,

we detected cytosolic dsDNA in both U937 and HeLa cells, but not

in Hs27 cells (Fig EV2A). Using Hs27, we found that, consistently,

the deficiency of G3BP1 significantly dampened cytosolic cGAS con-

densation (Fig EV2B–D).

Together, our data indicate that G3BP1 engages cGAS in a pri-

mary condensation state in cells.

The engagement with DNA, but not RNA, leads to the
dissociation of G3BP1 from cGAS

Our previous study suggested that DNA treatment gradually

disrupted the interaction of G3BP1 with cGAS (Liu et al, 2019).

Here, we further investigated whether G3BP1 participated in DNA-

triggered LLPS of cGAS. We first incubated mEGFP-tagged G3BP1

with mCherry-tagged cGAS and analyzed cGAS-G3BP1 condensation

at early time points. Our data showed that G3BP1 formed

◀ Figure 2. G3BP1 engages cGAS in a condensed state in vivo.

A Immunofluorescent staining of cGAS in both wild-type (WT) and G3BP1�/� U937 cells. Leica TCS SP8 Confocal Microscopy was used to acquire images. The white
arrows indicate the cGAS-G3BP1 condensates.

B Immunofluorescent staining of cGAS in both WT and G3BP1�/� U937 cells. 3D images were reconstituted with Leica LAS X software.
C Quantitative analysis of total cGAS puncta number (left) and volume (right) per cell of (B). n = 51 cells.
D Immunoblotting of fractionated lysates from WT and G3BP1�/� U937 cells. GAPDH and Lamin B1 blots were used as controls for cytoplasmic and nuclear fractions,

respectively.
E qPCR analysis of IFNB mRNA levels in HT-DNA–treated WT and the indicated rescued cells (U937) (top). Immunoblotting analysis of indicated proteins (bottom). n = 3

biological replicates.
F ELISA analysis of the secreted IFN-b in HT-DNA-treated WT or G3BP1�/� U937 cells. n = 3 biological replicates.
G cGAMP production in ISD-treated WT or G3BP1�/� U937 cells were analyzed by LC-MS/MRM. ND, not detected. n = 3 technical replicates.

Data information: Representative images are shown (A and B). Scale bars, 5 lm. Hoechst (blue), nuclear staining. Error bars, mean with s.d (C, E–G), *P < 0.05, **P < 0.01,
****P < 0.0001, two-tailed t-test. NS, non-significant; WT, wild type; IB, immunoblotting; HT-DNA, Herring testes DNA; ISD, interferon stimulatory DNA. See also Figs EV1
and EV2.
Source data are available online for this figure.

▸Figure 3. The engagement with DNA, but not with RNA, leads to the dissociation of G3BP1 from cGAS.

A Time-lapse imaging of cGAS-G3BP1 condensates.
B Fluorescence intensity distribution on cGAS-G3BP1 droplets. A quantitative analysis of a representative cGAS-G3BP1 droplet is shown. Along the white line on the

merged image, the fluorescence intensity of both G3BP1 and cGAS channels were recorded.
C Time-lapse imaging of cGAS-DNA droplets in the presence of G3BP1-mEGFP.
D cGAS, G3BP1, and Cy5-dsDNA were incubated. A quantitative analysis of a representative cGAS-DNA droplet is shown. Along the white line on the merged image, the

fluorescence intensity of G3BP1, cGAS, and dsDNA channels were recorded.
E Time-lapse imaging of condensates formed by cGAS, G3BP1, and dsRNA.
F cGAS, G3BP1, and Cy5-dsRNA were incubated. Similar quantification analysis as in D was performed.

Data information: Representative images are shown (A–F). Scale bars, 10 lm (A–E), 5 lm (F). 45 lM cGAS-mCherry, 10 lM G3BP1-mEGFP, 2 lM dsDNA and 2 lM dsRNA
were used in the assays. See also Fig EV3.
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condensates with cGAS immediately after the two proteins were

mixed (Fig 3A, Movie EV5). By measuring the fluorescence intensity

distribution in individual condensate (Fig 3B) and fluorescence

intensity changes over time (Fig EV3A), we further confirmed this

finding. Interestingly, when dsDNA was added, cGAS quickly con-

densed with DNA and dissociated from G3BP1 (Figs 3C and EV3B,

Movie EV6). Further analysis on the fluorescence intensity distribu-

tions and fluorescence changes of cGAS-DNA droplets yielded con-

sistent data (Figs 3D and EV3C). Given that RNA was recently

reported to induce cGAS LLPS without activating cGAS (Du & Chen,

2018), we then examined the effect of RNAs on cGAS-G3BP1 pri-

mary condensates. We found that both dsRNA and single-stranded

RNA (ssRNA) condensed with cGAS and G3BP1, but the stimulation

with RNAs did not trigger the dissociation of G3BP1 from cGAS

(Figs 3E and F, and EV3D–H, Movie EV7). These data indicated that

the engagement with DNA, but not with RNA, leads to the dissocia-

tion of G3BP1 from cGAS.

G3BP1 promotes DNA-induced LLPS and activation of cGAS

To further study how G3BP1 regulates DNA-induced LLPS of cGAS,

we incubated different amounts of dsDNA with cGAS, in the pres-

ence or absence of G3BP1. Our data showed that dsDNA induced

cGAS LLPS in a time- and dosage-dependent manner (Fig EV4A–

C). In the presence of G3BP1, this process was dramatically pro-

moted, especially when limiting amounts of DNA were used

(Fig 4A–C, Movies EV8). The effect of G3BP1 on cGAS LLPS was

also dosage dependent (Fig EV4D and E). We further confirmed

the above findings using heparin affinity chromatography–purified

proteins (Fig EV4F and G). As a result, G3BP1 significantly

enhanced the synthesis of cGAMP by cGAS (Fig 4D). Consistent

with these data, G3BP1 deficiency suppressed DNA-induced cGAS

foci formation (Fig 4E and F) and IFN expression (Fig 4G). Collec-

tively, G3BP1 facilitated DNA-induced LLPS of cGAS and ensured

efficient cGAS activation.

Full-length G3BP1 binds to cGAS and promotes LLPS of cGAS

G3BP1 contains three domains/motifs named NTF2-like, RRM and

RGG (Fig 5A; Tourriere et al, 2003; Sanders et al, 2020). We puri-

fied domain deleted and truncated variants of G3BP1 (Fig 5B) and

found that none of the G3BP1 regions was dispensable for its inter-

action with cGAS (Fig 5C). Next, we examined the function of each

G3BP1 domain/motif in cGAS LLPS, and we found that only full-

length G3BP1 promoted DNA-induced LLPS of cGAS (Figs 5D and E,

and EV5A, Movies EV9). By measuring the clarity of the cGAS-

G3BP1 variants mixture, we found that only full-length G3BP1 trig-

gered the opacification of the cGAS solution (Fig EV5B–D). Together

with the analysis of cGAMP production (Fig 5F), these data suggest

that a multivalent interaction between G3BP1 and cGAS was impor-

tant for G3BP1 to promote cGAS LLPS and activation.

Zn2+ promotes the condensation and DNA-induced LLPS of cGAS

It has been reported that zinc ions strongly promote cGAS activity

(Du & Chen, 2018). We therefore incubated recombinant cGAS with

KCl, MgCl2, or ZnCl2 and found that only ZnCl2 robustly induced

the formation of cGAS condensates (Fig 6A). Further, the presence

of ZnCl2 significantly enhanced cGAS activation (Fig 6B) and DNA-

induced LLPS of cGAS (Fig 6C and D). Interestingly, G3BP1 and

◀ Figure 4. G3BP1 promotes DNA-induced LLPS and activation of cGAS.

A, B Recombinant cGAS (10 lM) and the indicated amounts of Cy5-labeled dsDNA were incubated, with or without G3BP1 (2 lM). The DNA-induced cGAS-DNA liquid
droplets were analyzed with time-lapse imaging.

C Quantitative analysis of (A). The partition coefficient was calculated as the total fluorescence intensity of droplets/bulk fluorescence intensity of background. n = 3
biological replicates.

D cGAMP production assays. Recombinant cGAS (10 lM) was incubated with the indicated amounts of dsDNA, with or without G3BP1 (10 lM). The produced cGAMP
was quantitatively analyzed by LC-MS/MRM. n = 3 technical replicates.

E, F Immunofluorescent staining of cGAS in WT and G3BP1�/� U937 cells were transfected with ISD (2 lg ml�1) for 3 h (E). The percentage of cells with cGAS foci was
quantified, n = 3 biological replicates (F). Hoechst (blue), nuclear staining.

G qPCR analysis of IFNB mRNA levels in WT and G3BP1�/� U937 cells transfected with dsDNA as indicated. n = 3 technical replicates.

Data information: Representative images are shown (A, B and E). Error bars, mean with s.d. (C, D, F and G), **P < 0.01, two-tailed t-test. Scale bars, 10 lm (A and B),
20 lm (E). ISD, interferon stimulatory DNA. See also Fig EV4.

▸Figure 5. Full-length G3BP1 binds to cGAS and promotes LLPS of cGAS.

A Schematic drawing of domain architecture and truncations of human G3BP1.
B Coomassie blue staining of purified cGAS, full length and truncated G3BP1 recombinant proteins.
C cGAS-G3BP1 interaction analysis. Full-length and truncated G3BP1 was pulled-down using anti-Flag M2 beads. The cGAS-G3BP1 interaction was further analyzed

with immunoblotting (IB). 2 lg recombinant full-length cGAS and 2 lg each of truncated G3BP1 were used in the assay.
D, E Time-lapse imaging of DNA-induced LLPS of cGAS, in the presence of full length or truncated G3BP1 (2 lM) (D). Partition coefficient of D was calculated as the total

fluorescence intensity of droplets / bulk fluorescence intensity of background (E). n = 3 biological replicates.10 lM cGAS and 100 nM dsDNA were used in the
assay.

F cGAMP production assays. Recombinant cGAS (10 lM) and full length or truncated G3BP1 (10 lM each) were incubated, in the presence or absence of dsDNA
(200 nM). The produced cGAMP was quantitatively analyzed by LC-MS/MRM. n = 3 technical replicates.

Data information: Representative images are shown (D). Error bars, mean with s.d. (E and F). Scale bars, 10 lm (D). See also Fig EV5.
Source data are available online for this figure.
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ZnCl2 showed additive effects in promoting cGAS activation and

LLPS in response to DNA (Fig 6E and F), suggesting that G3BP1 and

ZnCl2 regulate LLPS of cGAS by different mechanisms. Consistent

with the in vitro data, ZnCl2 treatment remarkably led to the forma-

tion of cGAS foci in cells (Fig 6G). Therefore, both G3BP1- and

ZnCl2-mediated primary condensates of cGAS seem to be important

to prime cGAS for further activation by DNA.

EGCG inhibits G3BP1-promoted cGAS phase condensation
and activation

Epigallocatechin gallate (EGCG) is a natural compound isolated

from green tea leaves (Cao & Cao, 1999; Singh et al, 2011). As an

inhibitor of G3BP1, EGCG is known to block cGAS activation

through inhibition of G3BP1 (Liu et al, 2019). We thus reasoned

that EGCG may disrupt G3BP1-promoted cGAS LLPS. To test this

possibility, we added EGCG to the cGAS-G3BP1 reaction and found

that this chemical strongly reduced the formation of the cGAS-

G3BP1 condensates (Fig 7A). In accordance with our recent report

(Liu et al, 2019), we confirmed the regions in G3BP1 that are criti-

cal for EGCG-binding (Fig 7B and C). Further, EGCG significantly

inhibited G3BP1-indcued cGAS LLPS upon DNA treatment (Fig 7D).

Consistently, EGCG abolished G3BP1-facilitated cGAS activation in

in vitro cGAMP synthesis assays (Fig 7E) and disrupted the interac-

tion between cGAS and G3BP1 (Fig 7F). In line with our findings

that EGCG inhibited G3BP1-promoted cGAS LLPS, it also blocked

DNA-induced cGAS activation and the production of IFN (Fig 7G–

I). EGCG seemed to suppress cGAS activation in the DNA-cGAS-

IFN pathway through selectively targeting G3BP1 since it could no

longer inhibit HT-DNA-stimulated IFNB mRNA expression in

G3BP1-null cells (Fig 7H). Taken together, our results indicate that

by engaging cGAS in a primary condensation state, G3BP1 primes

cGAS for efficient activation in response to cytoplasmic DNA

(Fig 8).

Discussion

Liquid–liquid phase separation (LLPS) mediates the formation of

membrane-less cellular compartments that govern a variety of bio-

logical procedures (Alberti et al, 2019). Upon infection, the viral

DNA can be introduced into the cytoplasm of the host cell,

◀ Figure 6. Zn2+ promotes condensation and the DNA-induced LLPS of cGAS.

A Bright-field microscope images of indicated groups (left) and a quantitative analysis of total area of droplets (right). n = 3 biological replicates. 10 lM cGAS, 5 lM
G3BP1 and 50 lM KCl, 50 lM MgCl2, 50 lM ZnCl2 were used.

B cGAMP production assays. Recombinant cGAS (10 lM) and indicated ions (100 lM) were incubated with or without dsDNA (100 nM). The production of cGAMP was
analyzed by LC-MS/MRM. n = 3 technical replicates.

C Fluorescent images and analysis of DNA-induced cGAS LLPS in the presence of the indicated reagent. n = 3 biological replicates. 10 lM cGAS, 50 lM of each ion and
100 nM dsDNA were used in these assays.

D Fluorescent images and analysis of DNA-induced LLPS of cGAS in the presence of different amounts of ZnCl2. n = 3 biological replicates. 10 lM cGAS and 100 nM
dsDNA were used in the assay.

E Fluorescent images and analysis of DNA-induced LLPS of cGAS in the presence of G3BP1 (2 lM) and/or ZnCl2 (20 lM) as indicated. n = 3 biological replicates.
F cGAMP production assays. Recombinant cGAS (10 lM), G3BP1(10 lM) and ZnCl2 (100 lM) were incubated with or without dsDNA (100 nM) as indicated. The

produced cGAMP was quantitatively analyzed by LC-MS/MRM. n = 3 technical replicates.
G Immunofluorescence staining of cGAS in HeLa cells stimulated with ZnCl2 (100 lM). The images were acquired by ZEISS LSM 880 Confocal Microscopy.

Data information: Representative images are shown (A, C–E and G). Scale bars, 10 lm. The partition coefficient was calculated as the total fluorescence intensity of
droplets/bulk fluorescence intensity of background (C–E). Hoechst (blue), nuclear staining. Error bars, mean with s.d. (A-F), *P < 0.05, **P < 0.01, ***P < 0.001, two-tailed
t-test. NS, non-significant; NT, non-treated.

▸Figure 7. EGCG inhibits G3BP1-promoted cGAS phase condensation and activation.

A Fluorescent images of cGAS-G3BP1 droplets in the presence or absence of 10 lM EGCG (left). The partition coefficient was calculated as the total fluorescence
intensity of droplets/bulk fluorescence intensity of background (right), n = 3 biological replicates. 45 lM cGAS-mCherry and 10 lM G3BP1-mEGFP were used in
these assays.

B Schematic drawing of the full-length and truncations of G3BP1.
C EGCG-G3BP1 interaction analysis. EGCG was pulled-down using EGCG conjugated sepharose beads. The EGCG-G3BP1 interaction was further analyzed by

immunoblotting.
D Fluorescent images of DNA-induced LLPS of cGAS, with or without G3BP1, in the absence or presence of 10 lM EGCG (left). The partition coefficient was calculated

as in (A), n = 3 biological replicates. 10 lM cGAS, 5 lM G3BP1, and 100 nM dsDNA were used in these assays.
E cGAMP production assays. Recombinant cGAS (10 lM) and G3BP1 (10 lM) were incubated, in the presence or absence of dsDNA (200 nM), with or without EGCG

(20 lM). The produced cGAMP was quantitatively analyzed by LC-MS/MRM. n = 3 technical replicates.
F cGAS-G3BP1 interaction analysis. cGAS was precipitated using anti-cGAS antibodies in U937 cells treated with EGCG as indicated. IgG served as control. The cGAS-

G3BP1 interaction was further analyzed by immunoblotting.
G cGAMP production assays. U937 cells were untreated (left) or treated (right) with EGCG (20 lM), followed by HT-DNA transfection. The produced cGAMP was

quantitatively analyzed by LC-MS/MRM. ND, not detected. n = 3 technical replicates.
H, I U937 cells were untreated (left) or treated (right) with EGCG (20 lM), followed by HT-DNA transfection. qPCR analysis of IFNB mRNA expression in cells (H) and

ELISA analysis of secreted IFN-b (I) were performed. n = 3 biological replicates. NS, non-significant.

Data information: Representative images are shown (A, C, D and F). Scale bars, 10 lm (A and D). Error bars, mean with s.d. (A, D, E and G–I), *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001, two-tailed t-test. NS, non-significant; IB, immunoblotting; WCL, whole cell lysate; Ctrl, control; IP, immunoprecipitation; WT, wild type.
Source data are available online for this figure.
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triggering cGAS-DNA condensation via LLPS (Du & Chen, 2018). In

these condensates, cGAS and DNA are highly concentrated, thus

becoming microreactors for cGAMP production. We previously

reported that G3BP1 promotes the DNA-binding and activation of

cGAS (Liu et al, 2019). In the current study, we further reveal the

molecular mechanism underlying G3BP1-mediated promotion of

cGAS activation. We found that G3BP1 primes cGAS activation by

engaging a primary condensed state of cGAS in resting cells. While

these condensates were not as dynamic as DNA-cGAS condensates,

the formation of these cGAS-G3BP1 condensates was important for

efficient LLPS of cGAS and expeditious cGAS activation in response

to DNA. By showing a G3BP1-mediated regulation of cGAS LLPS,

our study provides important insights to further understand the pre-

cise regulation of cGAS activation by phase separation.

Using high-resolution microscopy, we showed that the particle-

like morphological characteristics of cGAS in cytoplasm was mark-

edly weakened in G3BP1�/� cells, in which cGAS-mediated IFN pro-

duction was also suppressed. Because G3BP1 deficiency did not

Figure 8. Schematic drawing of G3BP1 engaging cGAS in a primary condensation state to enable a rapid response to DNA.
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obviously affect the localization and expression levels of cGAS, our

data collectively indicate that dampened cGAS activation in the

absence of G3BP1 is mainly due to the disorganization of the pri-

mary condensation state of cGAS. In line with a recent study show-

ing that DNA treatment led to nucleus-to-cytosol translocation (Sun

et al, 2021), our data also suggested that DNA-triggered cGAS acti-

vation may occur mainly in the cytoplasm.

A growing number of publications described roles of nuclear

cGAS and the mechanisms underlying cGAS inhibition in the

nucleus (Xia et al, 2018; Boyer et al, 2020; Guey et al, 2020; Kujirai

et al, 2020; Michalski et al, 2020; Pathare et al, 2020; Zhao et al,

2020). Here, we found that cGAS also exhibits particle-like morpho-

logical characteristics in the nucleus. This is most likely regulated

independently of G3BP1, because G3BP1 is predominantly localized

in the cytoplasm. Future studies need to investigate whether LLPS

is involved in the regulation of cGAS activation also in the nucleus.

A recent publication showed that a circular RNA, named cia-cGAS,

binds and prevents the activation of cGAS in the nucleus (Xia et al,

2018). RNAs were previously reported to form liquid droplets with

cGAS, however, cGAS was not activated by RNAs (Du & Chen,

2018). In our study, we also observed the same phenomena. It is

possible that the formation of RNA-cGAS condensates contributes

to cGAS inhibition in the nucleus. Moreover, we showed that treat-

ment with DNA, but not with RNA, led to the dissociation of

G3BP1 from cGAS. This interesting observation may help to under-

stand the deeper mechanisms by which cGAS distinguishes DNA

and RNA.

Under physiological conditions, both infection- and cellular

damage–derived cytosolic DNAs would be very limited. The efficient

detection of small amounts of DNA is a challenge for cGAS to exe-

cute its function in eliciting a timely immune response against infec-

tions and damage. While cGAS can directly bind to DNA (Li et al,

2013b; Sun et al, 2013), several mechanisms have been discovered

to illustrate how cGAS-DNA binding is further regulated in cells.

HMGB and TFAM have been found to prearrange DNA as ladder-

like structures to facilitate cGAS–DNA binding (Andreeva et al,

2017). PQBP1 is a critical coreceptor of cGAS and promotes the rec-

ognition of HIV-1 viral DNA by cGAS (Yoh et al, 2015). IFI16 can

cooperate with cGAS to detect nuclear viral DNA (Orzalli et al,

2015; Almine et al, 2017; Jonsson et al, 2017), and PKR has been

recently shown to be necessary for intracellular DNA sensing by

cGAS (Hu et al, 2019). In addition, several post-translational modifi-

cations have also been reported to promote cGAS function (Hu et al,

2016; Liu et al, 2018; Seo et al, 2018; Song et al, 2020). Our study

revealed an important mechanism, by which G3BP1 pre-organizes

cGAS proteins as condensates through phase separation. Interest-

ingly, zinc ions that are known to enhance cGAS activity (Du &

Chen, 2018) also induced the condensation of cGAS. Thus, the for-

mation of a primary condensation state of cGAS is critical for effi-

cient DNA detection and cGAS activation.

Recent advances highlight the pivotal role of G3BP1 in the for-

mation of SGs. In particular, G3BP1 functions as a tunable switch

that drives SG formation by LLPS (Guillen-Boixet et al, 2020;

Sanders et al, 2020; Yang et al, 2020). SGs are one prominent type

of cellular granules that are assembled in response to numerous

stresses, including viral infection (Emara & Brinton, 2007; Onomoto

et al, 2014; McCormick & Khaperskyy, 2017) and intracellular RNA

responses (Yoo et al, 2014; Reineke & Lloyd, 2015; Kim et al,

2019). In our study, we further revealed the critical role of G3BP1

in regulating cytosolic DNA-sensing pathways. G3BP1 seems to be a

critical regulator that orchestrates a spectrum of stress responses,

including cytosolic DNA-induced stress. G3BP1 may carry out such

functions by mediating the formation of different condensates

through LLPS. In the case of cGAS, G3BP1 mediates a primary

cGAS-G3BP1 phase. While this step is not enough to activate cGAS,

it could efficiently promote the formation of the secondary cGAS-

DNA phase, in which cGAS is then activated by DNA. Such a pro-

cess would ensure the quick and robust activation of cGAS, as well

as subsequent downstream immune responses. Fully understanding

these molecular events would provide new insights in designing

strategies to modulate cGAS-mediated signaling, thus treating

cGAS-related diseases.

Materials and Methods

Antibodies and reagents

Anti-Flag (F3165) was from Sigma-Aldrich; anti-human cGAS

(15102) was from Cell Signaling Technology; anti-b-Actin (sc-

47778) was from Santa Cruz Biotechnology; anti-G3BP1

(H00010146-M01) was from Abnova; anti-IRF3 (ab68481) was from

Abcam; anti-human cGAS and anti-human GAPDH antibodies for

immunoblotting were prepared in our laboratory. The cGAS anti-

body was generated by immunizing rabbits with human cGAS

(amino acids 1–160); the GAPDH antibody was generated by immu-

nizing rabbits with human GAPDH protein. Anti-Rabbit IgG

(H + L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor

488-(A-11034) and 546-(A-11030) conjugated secondary antibody

were from Thermo Fisher.

U937 (CRL-1593.2) and HeLa (CCL-2) cell lines were from ATCC.

E. coli DH5a (S101-02), and E. coli BL21(DE3) (S106-02), Ni-NTA

(G106-100), isopropyl-b-D-thiogalactopyranoside (IPTG) (VA20321-

100), spectinomycin (VA28361), and bovine serum albumin (BSA)

were from Genstar. PBS (C10010500), HT-DNA (D6898), Anti-Flag

M2 affinity beads (a2220) and Triton X-100 (X100) were from

Sigma-Aldrich. Tube* protein purification (29924), TRIzol

(15596018), ATP Solution (R0441), and GTP Solution (R0461) were

from ThermoFisher Scientific. Phenylmethylsulfonyl fluoride

(PMSF) (PA116-01) was from Biomed. Cocktail (B14001) was from

Bimake. Dithiothreitol (DTT) (A620058-0005) and cover glass

(F518112) were from Sangon biotech. SYBR Green Master Mix

(A25778) was from ABI. PrimeScript RT reagent (RR037A) was from

TaKaRa. Epigallocatechin gallate (EGCG) (S2250) was from Selleck.

2’3’-cGAMP (tlrl-cga23) and lipofectamine 2000 (11668019) were

from Invitrogen. Amicon Ultra-0.5 Centrifugal Filter Unit

(ufc5050bk) was from Millipore. Frosted glass (ZLI-9354) was from

ZSGB-BIO. (CNBr)-activated Sepharose 4B (GE17-0430-01) was from

GE healthcare. Nonidet P-40 (AR0107) was from BOSTER. EDTA

(MC011.1) and EGTA (MC012) were from MACGENE. Phorbol-12-

myristate-13-acetate (PMA) (524400) was from Merck. Sheep serum

(ZLI-9056) was from ZSGB. Human IFN-b ELISA kit (EHC026b.96.2)

was from NEOBIOSCIENCE.

The HSV-1 60mer oligonucleotide (5’-TAAGACACGATGCGATA

AAATCTGTTTGTAAAATTTATTAAGGGTACAAATTGCCCTAGC-3’),

ssRNA and dsRNA (5’ CGCGACGUGCUCGUACGUGGCUUUGGAGA
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CUCCGUGGAGGAGGUCUUAUCAGAGGCACGU-3’) and ISD (5’-TA

CAGATCTACTAGTGATCTATGACTGATCTGTACATGATCTACA-3’)

was synthesized from Tsingke Biological Technology.

Plasmids

pCDF-cGAS, pCDF-flag-G3BP1FL, pCDF-flag-G3BP1RGG, pCDF-flag-

G3BP1RRM, pCDF-flag-G3BP1NTF2, pCDF-flag-G3BP1▵NTF2, pCDF-

flag-G3BP1▵RRM, pCDF-flag-G3BP1▵RGG, pCDH-flag-G3BP1FL, pCDH-

flag-G3BP1RGG, pCDH-flag-G3BP1RRM, pCDH-flag-G3BP1NTF2, pCDH-

flag-G3BP1▵RRM, pCDH-flag-G3BP1▵RGG, pCDH-flag-G3BP1▵NTF2 and

pCDH-flag-G3BP1Mut were prepared in our laboratory before (Liu

et al, 2019).

We subcloned the coding sequence of cGAS into pET28a(+) vector

for recombinant protein purification and fused with an mCherry tag at

C-terminus (connected with a 3×GGGGS linker). The coding sequence

of G3BP1 was subcloned into pET28a(+) vector and fused with an

mEGFP tag at C-terminus (connected with a 3×GGGGS linker).

Cell culture and transfection

HeLa and Hs27 cells were cultured in Dulbecco’s modified Eagle’s

medium (DMEM) containing 10% (vol/vol) fetal bovine serum

(FBS), 2 mM L-glutamine, 100 U ml�1 penicillin and 100 mg ml�1

streptomycin. U937 cells were cultured in RPMI-1640 medium

containing 10% FBS, 2 mM L-glutamine, 100 U ml�1 penicillin

and 100 mg ml�1 streptomycin. U937 cells were differentiated

with 0.1 lM PMA for 36 h before transfection or other treatment.

HeLa, Hs27 and U937 cells were obtained from ATCC. G3BP1-

deficient U937 and HeLa cells were prepared in our laboratory

(Liu et al, 2019). All cell lines were tested to be mycoplasma free

by PCR. Transfection of interferon stimulatory DNA (ISD), double

strain DNA (dsDNA) and Herring testes DNA (HT-DNA) were

performed with Lipofectamine 2000 at final concentrations as

indicated.

Protein expression and purification

The protein-coding plasmids were expressed in E. coli BL21 (DE3)

strain before purification. Cells were grown in LB medium overnight

with 50 lg ml�1 spectinomycin at 37°C, 220 rpm. The overnight

cultured bacteria were inoculated into fresh LB medium containing

50 lg ml�1 spectinomycin with the ratio of 1:100 for further cultur-

ing at 37°C, 220 rpm. When the OD600 reached 0.6–1.0, 0.5 mM

IPTG was added into the medium for further culturing for 16 h at

16°C, 180 rpm. The cells were then harvested, washed with PBS,

and purified with Ni-NTA Sefinose (TM) Resin (Settled Resin)

according to the manufacturer’s protocol (Genstar). Heparin affinity

chromatography was used to further purify recombinant cGAS and

G3BP1 proteins to remove nuclei acids contamination.

Quantification of cGAMP in cells

WT or G3BP1�/� U937 cells were seeded into 12-well plates and dif-

ferentiated with PMA for 36 h, followed by transfection of

2 lg ml�1 ISD for 3 h. The samples were harvested with extraction

solvent (50:50:100 (v:v:v) methanol-acetonitrile-ddH2O) as

described previously (Wu et al, 2013).

The quantification of cGAMP in cells were then performed as previ-

ously described (Dai et al, 2019). The LC–MS/MS system consisted of

an ekspert ultraLC 110-XL system (SHIMAZU) and a SIL-30AD triple

quadropole mass spectrometer (SHIMAZU). The Qtrap6500 triple

quadropole mass spectrometer was operated in positive ionization

mode for MRM analysis of cGAMP. The source conditions were set as

follows: ionspray voltage was 5.5 kV, ion source temperature was

550°C, curtain gas was 20 (arbitrary units), collision gas was Medium

(CAD), and the dwell time for cGAMP was 100 ms. The optimized ion

transitions were: cGAMP m/z 675 ? 524; m/z 675 ? 506; m/z

675 ? 136. The parameters, entrance potential (EP), declustering

potential (DP), collision energy (CE), and collision exit potential

(CXP), were set as 7 V, 90 V, 29 V, and 18 V, respectively.

In vitro cGAMP synthesis assay

Recombinant cGAS protein was incubated with dsDNA in reaction

buffer (20 mM HEPES, pH 7.5, 5 mM MgCl2, 2 mM ATP, 2 mM

GTP) at 37°C for 1 h, with or without recombinant human G3BP1

or different ions. The samples were harvested by extraction sol-

vent (40:40:20 (v:v:v) methanol-acetonitrile-sample) and centri-

fuged at 4°C, 16,000 g, for 10 min (Wu et al, 2013). Supernatants

were then collected and lyophilized by gentle stream of nitrogen

gas. The dried extracts were resuspended in ammonium acetate

buffer (10 mM ammonium acetate, 0.05% acetate), vortexed.

After another centrifugation at 4°C, 16,000 g, for 10 min, the

supernatants were used for cGAMP quantification by LC-MS/

MRM analysis.

RNA isolation and quantitative PCR (qPCR)

Cells were collected and total RNA was extracted with TRIzol

reagent. 500 ng RNA were used to perform the reverse transcription

with PrimeScript RT reagent kit. To analysis relative mRNA levels,

qPCR was performed with SYBR Green Master Mix on an ABI StepO-

nePlus Real-Time PCR System. Data were analyzed with StepOne

Plus software. The primers were synthesized from Sango Biotech.

Human GAPDH mRNA levels were used for normalization.

Human IFNB: forward: 5’-AGGACAGGATGAACTTTGAC-3’,

reverse: 5’-TGATAGACATTAGCCAGGAG-3’.

Human GAPDH: forward: 5’-GAGTCAACGGATTTGGTCGT-3’,

reverse: 5’-TTGATTTTGGAGGGATCTCG-3’.

Fluorescence recovery after photobleaching

mCherry-tagged cGAS protein was used to LLPS assays in vitro.

Confocal microscope (LSM 880) was used to acquire the images at

room temperature. Selected regions were photobleached at 561 nm,

and the fluorescence intensity were recorded every 1 s afterwards.

The fluorescence intensity was normalized to the initial intensity

before bleaching.

Phase condensation of cGAS

Cyclic GMP-AMP synthase proteins were diluted in PBS; dsDNA

was added into the reaction system, mixed, and observed in a glass-

bottom cell culture dish (NEST, 801002) for microscopic observation

and image acquirement.
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For assays with G3BP1 and zinc ion, G3BP1 or zinc ion was pre-

mixed with cGAS in PBS before dsDNA was added. The mixture

was observed in the glass-bottom cell culture dishes for microscopic

observation and image acquirement. For EGCG inhibition experi-

ment, indicated concentration of G3BP1 and EGCG were pre-

incubated before cGAS was added.

Turbidity analysis

Recombinant cGAS protein, G3BP1 protein, and dsDNA were

diluted in PBS on ice, mixed, and incubated in 0.6 ml centrifuge

tube for 5 min. The mixtures were transferred into Clear

Standard Module Plate (Thermo Scientific Nunc, 469949). The

images were obtained by a regular scanner. The turbidity was

measured by the absorbance at 600 nm using SpectraMax i3

(Molecular Devices).

Immunofluorescence

Wild-type and G3BP1-deficient U937 cells were seeded on the cover-

slips in 24-well plates and differentiated with PMA for 36 h before

dsDNA transfection. HeLa cells were seeded on the coverslips in 24-

well plates, followed by ZnCl2 (100 lM) treatment for 3 h. Cells

were fixed with 4% paraformaldehyde for 15 min, permeabilized

with 0.3% Triton X-100 for 10 min and blocked in 5% sheep serum

for 1 h. Cells were incubated with primary antibodies, anti-cGAS

and anti-G3BP1, overnight at 4°C. Alexa Fluor 488- and 546-

conjugated secondary antibodies were incubated for 1 h at room

temperature. Images were acquired using Leica TCS SP8 or ZEISS

LSM 880 Confocal Microscopy. Cytosolic dsDNA staining was

performed as described previously (Lam et al, 2014; Shen et al,

2015).

Pull-down and immunoprecipitation assay

Recombinant cGAS protein (2 lg) and different truncation mutants

of G3BP1 with Flag tag (2 lg) were mixed in a buffer (20 mM Tris-

HCl, pH 7.5, 0.5% Nonidet P-40, 10 mM NaCl, 3 mM EDTA and

3 mM EGTA) containing complete protease inhibitor cocktail (Roche

04693132001) at 4°C for 1 h. Pull-down assay was performed with

anti-flag M2 beads according to the manufacturer’s instruction

(Sigma-Aldrich) and analyzed with immunoblotting.

As previously described, EGCG pull-down assays were performed

(Shim et al, 2010). Briefly, cyanogen bromide (CNBr)–activated

Sepharose 4B was conjugated with EGCG. Cells were lysed with

lysis buffer (20 mM Tris–HCl, pH 7.5; 0.5% Nonidet P-40; 250 mM

NaCl; 3 mM EDTA and 3 mM EGTA) containing complete protease

inhibitor cocktail, PMSF and DTT, for 1 h, followed by centrifuga-

tion at 20,000 g for 20 min at 4°C. EGCG-conjugated Sepharose 4B

was incubated with cell lysates at 4°C for 3 h. The beads were then

washed five times with lysis buffer. EGCG-bound proteins were ana-

lyzed with immunoblotting.

For immunoprecipitation, cells were lysed with lysis buffer

described above. Cell lysates were centrifuged at 20,000 g for

20 min at 4°C. The cell lysates were then incubated with anti-cGAS

antibody at 4°C for 12 h. The beads were then washed five times

with lysis buffer. Whole cell lysis or immunoprecipitants were ana-

lyzed with immunoblotting.

ELISA

PMA-differentiated U937 cells were seeded into 12-well plates at a

density of 5 × 105 cells per well and treated as indicated. The

secreted interferon in cell culture medium was analyzed with ELISA

kit according to the manufacturer’s instruction (NEOBIOSCIENCE).

RNA interference

Hs27 cells were transfected with siRNAs using RNAiMax (Thermo)

transfection reagent for 48 h. The siRNAs used were as following:

si-G3BP1 (50-GGTCCGTCTGAATGTCGAA-30).

Statistical analysis

To determine the partition coefficients of indicated groups, at least

three independent microscopy images were calculated. For each

image, the fluorescence intensity was acquired by Volocity. Partition

coefficient was calculated as the total fluorescence intensity of drop-

lets divided by the bulk fluorescence intensity of background.

The statistical analysis was performed with GraphPad Prism 8.0.

Data are presented as mean with s.d. A standard two-tailed unpaired

Student’s t-test was used for statistical analysis of two groups.

Data availability

No primary datasets have been deposited.

Expanded View for this article is available online.
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