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Regulation of cGAS activity by RNA-modulated
phase separation
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Abstract

Cyclic GMP-AMP synthase (cGAS) is a double-stranded DNA
(dsDNA) sensor that functions in the innate immune system. Upon
binding dsDNA, cGAS and dsDNA form phase-separated conden-
sates in which cGAS catalyzes the synthesis of 2030-cyclic GMP-AMP
that subsequently triggers a STING-dependent, type I interferon
(IFN-I) response. Here, we show that cytoplasmic RNAs regulate
cGAS activity. We discover that RNAs do not activate cGAS but
rather promote phase separation of cGAS in vitro. In cells, cGAS
colocalizes with RNA and forms complexes with RNA. In the pres-
ence of cytoplasmic dsDNA, RNAs colocalize with phase-separated
condensates of cGAS and dsDNA. Further in vitro assays showed
that RNAs promote the formation of cGAS-containing phase sepa-
rations and enhance cGAS activity when the dsDNA concentration
is low. Cotransfection of RNA with a small amount of dsDNA into
THP1 cells significantly enhances the production of the down-
stream signaling molecule interferon beta (IFNB). This enhance-
ment can be blocked by a cGAS-specific inhibitor. Thus,
cytoplasmic RNAs could regulate cGAS activity by modulating the
formation of cGAS-containing condensates.
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Introduction

Recognition of pathogen-derived nucleic acids by protein sensors

allows the innate immune system to sense infection and initiate host

defense mechanisms (Barbalat et al, 2011; Pandey et al, 2014; Wu &

Chen, 2014). The cyclic GMP-AMP synthase (cGAS) is the primary

cytosolic double-stranded DNA (dsDNA) sensor in mammalian cells

(Sun et al, 2013; Wu et al, 2013; Li et al, 2013b; Vance, 2016). Upon

binding to dsDNA, cGAS undergoes conformational changes that

activate its ability to catalyze the synthesis of a noncanonical 2030

cyclic GMP-AMP dinucleotide (2030-cGAMP) that triggers type I inter-

feron production through the endoplasmic reticulum membrane pro-

tein STING (also known as TMEM173, MPYS, MITA, and ERIS;

Ishikawa & Barber, 2008; Jin et al, 2008; Zhong et al, 2008; Sun

et al, 2009; Gao et al, 2013; Zhang et al, 2013). cGAS binds dsDNA in

a sequence-independent manner (Rongvaux et al, 2014; White

et al, 2014; Lau et al, 2015; West et al, 2015; Mackenzie et al, 2017;

Yang et al, 2017; Wang et al, 2017a). Abnormal activity of cGAS can

lead to diseases such as Aicardi-Gouti�eres syndrome (Gao et al,

2015). cGAS activity is regulated by degradation or modification of

the enzyme through ubiquitination, SUMOylation, phosphorylation,

or glutamylation (Seo et al, 2015; Hu et al, 2016; Xia et al, 2016;

Wang et al, 2017b). A recent report suggests that cGAS activity is

also regulated by the formation of phase-separated condensates upon

dsDNA engagement, which confine the activated cGAS to a particu-

lar location (Du & Chen, 2018). Previous studies indicated that a

variety of parameters, including the concentration and length of the

dsDNA, influence the sensitivity of cGAS-mediated detection of

cytosolic DNA (Andreeva et al, 2017; Luecke et al, 2017). However,

cellular cGAS activity is not well explained by current structural and

biophysical models (Andreeva et al, 2017; Du & Chen, 2018).

Here, we show that cGAS activity can be regulated by RNA-

modulated phase separation. We found that cGAS forms phase-

separated granules with RNA as well as dsDNA. Condensation with

cytoplasmic RNAs promotes enzyme activity of cGAS at low concen-

trations of dsDNA but inhibits cGAS enzyme activity when high

concentrations of dsDNA are present. Thus, RNA could play a novel

and important role in regulating cGAS activity.

Results and Discussion

DNA- and RNA-induced phase separation of cGAS

We observed the formation of phase-separated granules soon after

mixing the recombinant full-length human cGAS (FL-hcGAS) with a

45-bp double-stranded interferon stimulatory DNA (ISD;

Appendix Fig S1A). Our results are consistent with the published
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work (Du & Chen, 2018). Previous studies showed that, in addition

to dsDNA, cGAS can bind RNAs, single-stranded DNAs (ssDNAs),

and RNA–DNA hybrids (Civril et al, 2013; Kranzusch Philip

et al, 2013; Mankan et al, 2014). We also observed that the ssDNA

without complementary regions can induce the formation of phase-

separated granules when incubated with FL-hcGAS

(Appendix Fig S1B). However, activation of FL-hcGAS was not

observed when the ssDNAs had no complementary regions

(Appendix Fig S1C). Moreover, dsDNAs with less than 20 bp

(Fig EV1A) barely form condensates with FL-cGAS (Figs EV1B and

EV2A–C) or activate FL-hcGAS (Fig EV1C). However, short dsDNAs

with one or two ssDNA arms (Fig EV1A) induce phase separations

of FL-hcGAS (Figs EV1B and EV2D–I) and activate the enzyme

(Fig EV1C).

We next performed similar assays using yeast tRNA and total

RNA extracted from HeLa cells. tRNAs are abundant in the cyto-

plasm with an estimated concentration of approximately 1.2–

1.8 mg/ml in mammalian cells and up to 20 mg/ml in yeast cells

(Frenkel-Morgenstern et al, 2012; Feijo Delgado et al, 2013; Palazzo

& Lee, 2015). Phase-separated granules were observed when FL-

hcGAS was mixed with yeast tRNA or total RNA from HeLa cells

over a wide concentration range of the RNA (Fig 1A and B). No

phase-separated granules were detected when RNAs were mixed

with FITC-labeled C-terminal domain of mouse cGAS, which does

not form phase-separated granules (Fig 1C and D). No activation of

FL-hcGAS was not detected in the presence of RNA, however (Fig 1E

and F). Phase separation of FL-hcGAS was observed after DNase

treatment of the RNA preparation (Appendix Fig S2A) and in the

presence of a large amount of BSA/PEG (Appendix Fig S2B and C);

the latter mimics the crowded environment in the cytoplasm. The

binding of RNAs to FL-hcGAS was estimated using an elec-

trophoretic mobility shift assay. The results showed that RNA bound

cGAS (Fig EV3A and B) with a similar affinity as dsDNA (Fig EV3C

and D), which is consistent with previous studies (Civril et al, 2013).

RNA induces phase separation of cGAS in cells

The concentration of RNAs, including tRNA and mRNA, is much

higher than the concentration of DNA in the cytoplasm, probably

even under abnormal conditions such as when cells are infected by

viruses (Russo & Russo, 2014; Karalyan et al, 2018). To test the

hypothesis that cGAS forms phase-separated granules with RNA in

the absence of DNA, we overexpressed hcGAS fused with a C-

terminal GFP tag in the HEK293T cells. The gene for expression of

hcGAS-GFP under control of a doxycycline-inducible promoter was

integrated into the genome of the cell. Confocal microscopy revealed

that a portion of the cells with the GFP signals had phase-separated

granules in the cytoplasm (Fig 2A). We then stained the GFP-

positive cells with Hoechst 33342 and pyronin Y, which as previ-

ously described stain DNA and RNA, respectively (Darzynkiewicz

et al, 2004). Staining with Hoechst 33342 and pyronin Y showed

that the hcGAS-GFP colocalized with cytoplasmic RNAs (Fig 2A).

Our in vitro assays showed that dsDNAs and RNAs in the hcGAS-

containing condensates can be differentially stained by combining

the two dyes (Appendix Fig S3), confirming that the two dyes can

function in condensates. HEK293T cells expressing YFP without

hcGAS did not show any phase-separated granules in the cytoplasm

(Fig 2A).

To confirm the liquid–liquid phase separation nature of the

hcGAS-GFP-involved granules, a fluorescence recovery after photo-

bleach (FRAP) assay was performed to measure the fluidity of the

granules (Fig 2B and C). The fluorescence in the photo-bleached

region recovered shortly after the bleach (Fig 2B and C) indicative

of frequent exchange of the cGAS molecules inside the granules with

the cGAS molecules in the environment, typical of liquid-like phase

separation (Brangwynne et al, 2009; Hyman et al, 2014; Alberti

et al, 2019). These results demonstrated that the cytoplasmic gran-

ules that contain hcGAS-GFP and RNA are liquid-like droplets rather

than insoluble aggregates.

The interactions between endogenous cGAS and RNAs in a cyto-

plasmic extract of HeLa cells were further analyzed using an

iodixanol-based (OptiPrep) density gradient ultracentrifugation, in

which cytosolic components are separated into layers from top to

bottom based on their densities (Fig 2D and E). There were four

major bands in the gradient after centrifugation (Fig 2E). Western

blot analysis of the bands with a cGAS-specific antibody showed

that endogenous cGAS locates mainly in bands 3 and 4 (Fig 2F).

The OptiPrep concentration at band 3 and 4 is between 20 and 25%,

which correspond to densities of 1.128–1.152 g/ml (Fig 2E and F).

Bands 3 and 4 were sensitive to RNase but not DNase (Fig 2E and

F). After the treatment with RNase, the peak fraction of cGAS shifted

toward the top of the gradient, indicating that the densities of the

bands containing cGAS were reduced by RNase and suggesting that

RNA and cGAS most likely form complexes (Fig 2E and F). Sequenc-

ing of the RNA in bands 3 and 4 showed high reads for mRNAs,

miRNAs, rRNAs, and tRNAs (Appendix Fig S4).

Next, we analyzed the cytoplasmic extract of HEK293T cells that

overexpress the hcGAS-GFP. Similar bands were observed in the

OptiPrep gradient (Appendix Fig S5A) to those detected in HeLa

cells, and western blot analysis of the bands showed that hcGAS-

GFP is located at similar positions in the gradient as endogenous

cGAS (Appendix Fig S5B and C). RNase treatments resulted in a

similar shift of hcGAS-GFP toward the top of the gradient

(Appendix Fig S5A–C). These indicate that hcGAS-GFP-RNA and

endogenous cGAS-RNA complexes share similar properties. Our

FRAP results have shown that hcGAS-GFP in the cells forms phase-

separated granules with cytoplasmic RNAs (Fig 2A–C). In the con-

trol gradient loaded with recombinantly expressed and purified FL-

hcGAS, the FL-hcGAS signals were detected mainly in fractions that

have an OptiPrep concentration between 17.5 and 20%, near the

top of the gradient (Fig 2E and F). By contrast, the mixture of FL-

hcGAS and tRNA was detected in fractions that have an OptiPrep

concentration of 27.5%, which is located at the bottom of the gradi-

ent, and indicate a heavy complex (Fig 2E and F). The difference

between the sample prepared in vitro and the sample extracted from

the cell reflects complex states of the endogenous cGAS, which

probably directly or indirectly binds many other factors as shown in

previous studies (Andreeva et al, 2017; Zhao et al, 2022). These

results indicate that endogenous hcGAS associates with RNAs in

high-molecular-weight complexes in cells prior to sensing cytoplas-

mic dsDNAs, which are usually not present in the cytoplasm.

To further confirm that endogenous cGAS is associated with

endogenous RNA in the cytoplasm, we stained endogenous cGAS

with a cGAS-specific antibody in cells in which endogenous RNAs

were labeled. The RNAs were labeled using a highly specific label-

ing method, in which 50-ethynyl uridines were incorporated into
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newly synthesized RNAs in live cells and then the dye Alexa Fluor

488 azide was added to result in a specific click reaction with the

ethynyl group of the modified uridine (Jao & Salic, 2008). The Pear-

son’s correlation analysis of the fluorescence signals of endogenous

cGAS and RNA in cytoplasm of HeLa cells showed a correlation

coefficient of 0.76 (Fig 2G and I), which strongly indicates the colo-

calization of endogenous cGAS and RNA. As a control, the

Pearson’s correlation analysis of the fluorescence signals of mCherry

and RNA in cytoplasm of HEK293T cells showed a correlation coeffi-

cient of 0.26 (Fig 2H and I). These data combined with the OptiPrep

density gradient results indicate that endogenous cGAS colocalizes

with cytoplasmic RNAs in the form of large complexes. Clear phase-

separated granules of endogenous cGAS and RNA were not

observed in the cytoplasm (Fig 2G), probably because the local

A B

C D

E F

Figure 1. RNA mediates phase separation of cGAS.

A, B Fluorescence images of FITC-labeled full-length human cGAS (FITC-FL-hcGAS) incubated with (A) yeast tRNA or (B) extracted total RNA from HeLa cells at the indi-
cated concentrations (n = 2, biological replicates, data from one representative independent biological replicate are shown). The scale bars represent 20 lm.

C, D Negative controls. Fluorescence images of FITC-labeled C-terminal domain of mouse cGAS (FITC-mcGAS-CTD) incubated with (C) yeast tRNA or (D) extracted total
RNA from HeLa cells at the indicated concentrations (n = 2, biological replicates, data from one representative independent biological replicate are shown). mcGAS-
CTD is known not to form phase separation.

E, F TLC analysis of cGAMP, which is indicative of cGAS activation, upon incubation with (E) tRNA or (F) total RNA (n = 2, biological replicates, data from one
representative independent biological replicate are shown). The FL-hcGAS concentration was 0.265 mg/ml. The tRNA concentrations from low to high were 0.025,
0.05, 0.1, 0.25, and 0.85 mg/ml. The extracted total RNA concentrations from low to high were 0.025, 0.05, 0.1, 0.25, and 0.5 mg/ml. NC indicates the negative control
that has only the FL-hcGAS. dsDNA ISD at a concentration of 0.05 mg/ml was used as a positive control. All the samples were prepared in 20 mM HEPES at pH 7.5
and 150 mM NaCl.
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density of the complex or the ratio between cGAS and RNAs did

not reach the threshold required for the formation of observable

granules.

dsDNA replaces RNA in preformed phase-separated granules

It was previously shown that molecules in phase-separated granules

are in a dynamic equilibration with those in solution (Taylor

et al, 2019). We observed that when Cy5-labeled ISD (Cy5-ISD) was

transfected into HEK293T cells, in which phase-separated granules

containing YFP-hcGAS are present prior to transfection, the Cy5-ISD

was eventually incorporated into the preformed granules (Fig 3A).

In addition, Cy5-ISD colocalized with hcGAS-GFP and endogenous

RNAs (Fig 3B, Appendix Fig S6). As the electrophoretic mobility

shift assays showed that the binding affinity of RNAs for hcGAS

was comparable to that of dsDNA (Fig EV3), in these cells where

phase-separated granules exist prior to transfection, the transfected

Cy5-ISD may replace RNA molecules in the granules. To verify

this hypothesis, we performed in vitro assays with fluorescein-5-

thiosemicarbazide-labeled tRNA (FTSC-tRNA).

Different amounts of ISD were added to solutions containing the

preformed FTSC-tRNA-cGAS granules, the granules were separated

from the solution by centrifugation, and the signal due to FTSC-tRNA

was measured in the supernatants (Fig 4A). As the concentration of

the dsDNA was increased, the FTSC-tRNA signal increased in the

supernatant until a plateau was reached (Fig 4B). This indicates that

dsDNA gradually replaced tRNAs in the granules until a dynamic

equilibrium was reached. Similarly, when granules were preformed

from ISD and hcGAS, we observed a concentration-dependent substi-

tution of the dsDNAs by tRNAs (Fig 4C). Analyses by confocal micro-

scopy also demonstrated that the nucleic acid components of the

granules are in a dynamic equilibrium (Fig 4D–G).

Relatively long dsDNAs such as the 45-bp ISD, a 380-bp dsDNA,

and herring testis DNA displaced the tRNA in the phase-separated

granules even at a low concentration of 0.025 mg/ml (Fig 4B). By

contrast, 14-bp and 20-bp dsDNAs, which bound to cGAS but

barely induce the formation of phase-separated granules

(Appendix Fig S7A–C), did not displace the tRNA (Fig 4B). A Y-form

DNA that has a 14-bp duplex with unpaired GGG at the termini, a

structure previously shown to activate cGAS in cells (Herzner

et al, 2015), induced the formation of the phase separations and also

displaced tRNA from granules (Appendix Figs S7A, D, and E, and

4B).

tRNA-induced phase separation affects cGAS activity

Since hcGAS is not activated by binding to RNA, we reasoned that

the competitive binding of RNAs to hcGAS should have a negative

impact on the dsDNA-dependent activation of the enzyme. To test

this, we measured the hcGAS activity with or without 0.125 mg/ml

tRNA and showed that cGAS activity was significantly inhibited by

tRNA when DNA concentration exceeded 0.05 mg/ml (Fig 5A).

However, tRNA enhanced cGAS activity when the DNA concentra-

tion was low and in the range of 0.0034–0.0136 mg/ml (Fig 5A). At

a high dsDNA concentration of 0.0544 mg/ml, tRNA inhibited the

production of 2030-cGAMP catalyzed by hcGAS in a dose-dependent

manner (Fig 5B). By contrast, at a low dsDNA concentration

(0.0068 mg/ml), tRNA promoted the enzyme activity of hcGAS in a

dose-dependent manner (Fig 5C).

Robust phase separation of hcGAS was observed at the high

dsDNA concentration of 0.0544 mg/ml (Fig 5D and E) but not at the

low dsDNA concentration of 0.0068 mg/ml (Fig 5F and G). The

phase separation-related turbidity of the solution did not change sig-

nificantly as a function of tRNA concentration when the dsDNA con-

centration was high (0.0544 mg/ml; Fig 5E). However, the

fluorescence signal due to FAM-labeled dsDNA was reduced within

the granules upon the addition of higher concentrations of tRNA

(Fig 5D and H). The phase separation-related turbidity of the solu-

tion increased significantly as a function of tRNA concentration

when the dsDNA concentration was low (0.0068 mg/ml; Fig 5G),

◀ Figure 2. hcGAS interacts with RNA in cells.

A Hoechst 33342 and pyronin Y staining of HEK293T cells showing colocalization of the hcGAS-GFP granules and RNAs (n = 3, biological replicates, data from one rep-
resentative independent biological replicate are shown). Expression of the hcGAS-GFP was induced by doxycycline at a concentration of 0.1 lg/ml. HEK293T cells
that express YFP were used as the negative controls. The scale bars represent 10 lm.

B, C Fluorescence recovery after photo-bleaching (FRAP) assay of hcGAS-GFP granules in HEK293T cells (n = 4, biological replicates, data from one representative inde-
pendent biological replicate are shown). (B) Images (left 1–6) of a 293T cell showing the hcGAS-GFP signal in the cell. The selected areas are indicated with circles
and arrows and are numbered in the left-most image. Areas 1, 2, and 3 were photo-bleached at the time indicated below images. Areas 4 and 5 were not photo-
bleached and were used as the controls. Signal in area 6 was taken as background. The yellow fluorescence image on the right showing the pyronin Y-stained RNA
signal, which colocalizes with the hcGAS-GFP signal in the cytoplasm. The scale bars represent 5 lm. (C) Quantification of the fluorescence intensity changes in the
6 selected areas of the FRAP assay indicated in panel “B.”

D A schematic diagram showing the HeLa cell cytoplasm extraction and fractionation procedure. To release the cytoplasm without disrupting the nuclear membrane,
the cell membranes were disrupted by suspension in a hypotonic buffer and passing the cells through a 29G needle three times. The hypotonic buffer contains
10 mM HEPES at pH 7.5, 5 mM KCl and 3 mM MgCl2.

E OptiPrep density gradient analyses of the HeLa cell cytoplasm extracts and purified hcGAS with and without tRNA (n = 3, biological replicates, data from one
representative independent biological replicate are shown).

F Western blot analysis of the OptiPrep gradient fractions with or without DNase and RNase treatments.
G The three images on the left showing fluorescence signals of endogenous cGAS and RNA in HeLa cells (n = 13, biological replicates, data from one representative

independent biological replicate are shown). The scale bar represents 10 lm. The scatterplot on the right plots the signal intensities of cGAS versus RNA at each
pixel in the indicated cytoplasmic area (yellow circle).

H The three images on the left showing the fluorescence signals of mCherry and RNA in HEK293T cells (n = 9, biological replicates, data from one representative
independent biological replicate are shown). The scale bar represents 10 lm. The scatterplot on the right plots signal intensities of mCherry versus RNA at each
pixel in the indicated cytoplasmic area (yellow circle).

I Pearson’s correlation coefficient (CC) analysis of the fluorescence signals of cGAS vs. RNA (n = 13, biological replicates), and mCherry vs. RNA (n = 9, biological
replicates). The median values were calculated and used for the evaluation of significance. ***P < 0.001 (two-tailed Mann–Whitney test).
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Figure 3. Cy5-ISD colocalizes with both cGAS and RNA in HEK293T cells.

A Real-time observation showing the gradual incorporation of Cy5-ISD into a preformed granule of YFP-hcGAS in a HEK293T cell (n = 2, biological replicates, data from
one representative independent biological replicate are shown). The Cy5-ISD was transfected into cells with Lipofectamine 2000. White arrows indicate the granule.
The scale bar represents 10 lm.

B Representative fluorescence images showing colocalization of Cy5-ISD with both hcGAS-GFP and endogenous RNA in HEK293T cells (n = 3, biological replicates, data
from one representative independent biological replicate are shown). Endogenous RNAs were specifically labeled by using a click reaction-based method. White
arrows indicate the granules with colocalized Cy5-ISD, hcGAS-GFP, and endogenous RNA. Yellow arrows indicate the granules with colocalized hcGAS-GFP and
endogenous RNA. The scale bar represents 10 lm.
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and the fluorescence signal due to FAM-labeled dsDNA in the

phase-separated granules was significantly increased by incorporat-

ing tRNA (Fig 5F and I). Thus, tRNA promotes the formation of

phase separation when the dsDNA concentration is not high enough

to induce phase separation (Fig 5F and I), and this tRNA-mediated

formation of phase separation promotes the activation of cGAS

when the dsDNA concentration is low (Fig 5C).

To further investigate the biological relevance of the RNA-

mediated regulation of cGAS activity, we co-transfected THP1 cells

with tRNA (or ssRNA) and ISD and then monitored interferon beta

(IFNB) mRNA expression using real-time quantitative PCR (RT–

qPCR). The results showed that both tRNA and ssRNAs in different

length significantly enhanced the production of IFNB mRNA with a

fold change of approximately 20 when a small amount of ISD

(0.1 lg) was transfected (Fig 5J). However, cGAS activity was not

influenced significantly by the presence of RNA when a large

amount of ISD (1 lg) was transfected (Fig EV4). The RNA-mediated

enhancement of IFNB mRNA production was completely blocked by

G150, a specific inhibitor of cGAS (Lama et al, 2019), indicating that

this phenotype is dependent on the cGAS-mediated signaling path-

way (Fig EV5A–C).

In summary, by combining biochemical and cellular assays, we

have unequivocally established that cGAS forms phase-separated

granules with RNAs in vitro and in the cytoplasm of human cells

that overexpress cGAS. Endogenous cGAS is associated with, and

most likely forms complexes with, endogenous RNAs. Our study did

not reveal the physical nature of the complexes formed by endoge-

nous cGAS and RNAs, which might be nanoscopic condensates, and

this needs further investigation. Nucleic acid-binding proteins in

cytoplasm such as G3BP1 might also contribute to the formation of

◀ Figure 4. dsDNA replaces tRNA in cGAS-tRNA phase separations.

A A schematic diagram of the methods used to quantify tRNA/dsDNA released from the phase-separated granules. FTSC-tRNA and FL-hcGAS were premixed. dsDNA was
added, and the sample was centrifuged. The fluorescence signal of FTSC-tRNA in supernatant was measured.

B The percentage of FTSC-tRNA released into the supernatant after the addition of the indicated dsDNA as measured by fluorescence spectroscopy (n = 3, biological
replicates). The percentage of FTSC-tRNA released from the condensates was calculated by using the following equation: P = (Fi–F0) * 100/(F–F0). P: percentage of
substituted FTSC-tRNA. Fi: fluorescence of FTSC-tRNA in the supernatant of each test. F0: fluorescence signal of FTSC-tRNA in the supernatant when DNA was not
added. F: fluorescence signal of FTSC-tRNA without the addition of DNA and cGAS. The dsDNAs tested were ISD, 14-bp dsDNA, 20-bp dsDNA, 380-bp dsDNA, herring
testis DNA (HT DNA) and Y-form DNA (a 14-bp dsDNA with unpaired GGG on each end). Data are presented as mean � SD. Significance was calculated for Y-form
DNA vs. 14-bp dsDNA and Y-from DNA vs. 20-bp dsDNA, ***P < 0.001 (two-way ANOVA).

C The percentage of Cy5-ISD released into the supernatant over time after the addition of yeast tRNA as measured by fluorescence spectroscopy (n = 3, biological repli-
cates). The yeast tRNA was used to trigger the release of the ISD from the phase separations of cGAS-ISD. The percentage of Cy5-ISD released from the condensates
was calculated by using the following equation: P = (Fi–F0) * 100/(F–F0). P: percentage of substituted Cy5-ISD. Fi: fluorescence signal of Cy5-ISD in the supernatant of
each test. F0: fluorescence signal of Cy5-ISD in the supernatant when tRNA was not added. F: fluorescence signal of Cy5-ISD without adding tRNA and cGAS. Data are
presented as mean � SD. ***P < 0.001 (one-way ANOVA).

D Fluorescence microscopy images showing the replacement of FTSC-tRNA by Cy5-ISD at indicated concentrations in preformed granules of hcGAS and FTSC-tRNA
(n = 2, biological replicates, data from one representative independent biological replicate are shown). In each square, a representative area that is 1/16 of the raw
image is displayed. The scale bars represent 20 lm.

E Fluorescence microscopy images showing the replacement of FTSC-tRNA by TAMRA-380-bp dsDNA at indicated concentrations in preformed granules of hcGAS and
FTSC-tRNA (n = 2, biological replicates, data from one representative independent biological replicate are shown). In each square, a representative area that is 1/16 of
the raw image is displayed. The scale bars represent 20 lm.

F Quantification of the replacement in “D.” For each square, the raw image used was evenly divided into four parts. Fluorescence signal ratios of Cy5-ISD over FTSC-
tRNA in the four parts were calculated, averaged and plotted.

G Quantification of the replacement in “E.” For each square, the raw image used was evenly divided into four parts. Fluorescence signal ratios of TAMRA-380-bp dsDNA
over FTSC-tRNA in the four parts were calculated, averaged and plotted.

▸Figure 5. Regulation of cGAS activity by RNA.

A cGAS activity (as measured by the HPLC peak area of cGAMP) in the presence of a 55-bp dsDNA at indicated concentrations and in presence or absence of 0.125 mg/
ml tRNA (n = 3, biological replicates). The inset is an expanded view of the region boxed in yellow. ***P < 0.001 (two-way ANOVA).

B cGAS activity in the presence of 0.0544 mg/ml 55-bp dsDNA and tRNA at indicated concentrations plotted as mean � SD (n = 3, biological replicates).
C cGAS activity in the presence of 0.0068 mg/ml 55-bp dsDNA and tRNA at indicated concentrations (n = 3, biological replicates).
D Fluorescence and bright-field photographs of phase-separated granules of FL-hcGAS and 0.0544 mg/ml FAM-labeled 55-bp dsDNA in presence of tRNA at indicated

concentrations (n = 2, biological replicates, data from one representative independent biological replicate are shown). The scale bar represents 20 lm.
E Turbidities of FL-hcGAS and 0.0544 mg/ml FAM-labeled 55-bp dsDNA in presence of tRNA at indicated concentrations as measured by absorption at 395 nm plotted

as mean � SD (n = 3, biological replicates).
F Fluorescence and bright-field photographs of phase-separated granules of FL-hcGAS and 0.0068 mg/ml FAM-labeled 55-bp dsDNA in presence of tRNA at indicated

concentrations (n = 2, biological replicates, data from one representative independent biological replicate are shown). The scale bar represents 20 lm.
G Turbidities of FL-hcGAS and 0.0068 mg/ml FAM-labeled 55-bp dsDNA in presence of tRNA at indicated concentrations as measured by absorption at 395 nm plotted

as mean � SD (n = 3, biological replicates).
H Fluorescence signals of the FAM-labeled 55-bp dsDNA in the supernatants of FL-hcGAS and 0.0544 mg/ml FAM-labeled 55-bp dsDNA in presence of tRNA at indicated

concentrations plotted as mean � SD (n = 3, biological replicates). ***P < 0.001 (one-way ANOVA).
I Fluorescence signals of the FAM-labeled 55-bp dsDNA in the supernatants of FL-hcGAS and 0.0068 mg/ml FAM-labeled 55-bp dsDNA in presence of tRNA at indicated

concentrations (n = 3, biological replicates). ***P < 0.001 (one-way ANOVA).
J IFNB mRNA levels in THP1 cells induced by co-transfecting dsDNA (ISD) and different RNAs (tRNA, 50 nt ssRNA and 200 nt ssRNA) plotted as mean � SEM (n = 4, bio-

logical replicates). The volumes of Lipofectamine 2000 from low to high were 1, 2, 4, 6, and 8 ll. Significance was determined by two-way ANOVA, **P < 0.01,
***P < 0.001.
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the cGAS-containing granules or complexes (Zhao et al, 2022). Our

data suggest that RNAs might regulate the sensitivity of cGAS activ-

ity to cytosolic dsDNA. We envision that at a low dsDNA concentra-

tion that is not enough to induce the formation of phase separation,

preformed complexes of cGAS and cytoplasmic RNAs, especially

mRNAs and tRNAs, provide platforms that promote the formation

of condensates of cGAS and dsDNA, which is required for cGAS acti-

vation. When the concentration of dsDNA is high enough to replace

RNAs in the preformed complexes of cGAS-RNA and to induce

strong phase separation, dsDNA and RNAs are in a dynamic equilib-

rium, through which RNAs compete with dsDNA and inhibit cGAS

activity, presumably to limit overactivation of the enzyme. Given

the high RNA concentration in the cytoplasm, RNAs are likely the

dominant regulators of cGAS activity. Our observations suggest a

reasonable mechanism by which cGAS sensitively detects cytosolic

dsDNA but is modulated to ensure an appropriate immune response

to cytosolic dsDNA. Our finding that short dsDNAs, such as 14- and

20-bp duplexes, do not efficiently displace RNAs from phase-

separated granules could provide an explanation for why short

dsDNAs do not activate cGAS in cells, although they can activate

cGAS in vitro (Li et al, 2013a; Herzner et al, 2015). The abundances

of tRNAs and mRNAs are altered under stress conditions (Torrent

et al, 2018), suggesting that RNAs could have complex functions in

regulating cGAS-mediated innate immune responses.

Materials and Methods

Cell lines

HEK293T cells (cat# CRL-3216) and HeLa cells (cat# CRM-CCL-2)

were purchased from American Type Culture Collection. THP1 cells

were purchased from National Infrastructure of Cell Line Resource

of China (cat# 1101HUM-PUMC000057). STR authentication was

performed by the vendors. All cell lines were negative in the tests

for mycoplasma contamination in our laboratory.

Protein expression and purification

The coding sequence of hcGAS was optimized for E. coli expression

using the GeneOptimizer algorithm (Thermo Fisher). The synthetic

gene (Qinglan) was cloned into pETDuet-1 (Novagen) at a site

designed to fuse a 10× His tag and a sumo tag at the N terminus of

the protein. The pETDuet-hcGAS plasmid was transformed into

E. coli BL21 Star (DE3) competent cells. The transformed cells were

cultured in six 800-ml aliquots of LB at 37°C until the absorbance at

600 nm reached ~ 0.6. The cells and medium were cooled to 16°C,

and 1 mM IPTG was added to induce protein expression. The cells

were harvested 16 h after the induction and were resuspended in

100 ml PBS buffer at pH 7.0 with 300 mM NaCl. The resuspended

cells were homogenized, and the cell lysate was centrifugated at

20,000 g for 15 min. The supernatant was applied to 4-ml Talon

Metal Affinity Resin (Clontech, cat# 635503). After washing with

30 ml wash buffer containing 20 mM HEPES at pH 7.5, 150 mM

NaCl, and 10 mM imidazole, the resin was resuspended in 11 ml of

buffer containing 20 mM HEPES, pH 7.5, 150 mM NaCl, and

0.1 mg/ml ULP1 and incubated at 4°C for 12 h to remove the sumo

tag. The hcGAS released from the resin was purified over a heparin

column (GE Healthcare) to remove any dsDNA contamination and

was further purified over a Superdex 75 size-exclusion column (GE

Healthcare) using a running buffer containing 20 mM HEPES, pH

7.5, and 150 mM NaCl.

Fluorescence labeling of the tRNA, dsDNA, ssDNA, cGAS

Yeast tRNAs (Solarbio, cat# T8630) were labeled with FTSC as

described by Qiu et al (2015). In brief, a solution containing 20 ll
tRNA (10 mg/ml) was mixed with 200 ll of 0.25 M sodium acetate.

The mixture was diluted with ddH2O to a final volume of 700 ll,
and 50 ll of 1 mM NaIO4 was added to oxidize the tRNAs. After

incubation for 90 min in the dark at room temperature, the oxidiza-

tion reaction was stopped by adding 40 ll of 2.5 mM Na2SO3 to the

solution, followed by incubation for 15 min at room temperature.

Labeling of the tRNAs was performed by adding 60 ll of 2.5 mM

FTSC in DMF, and the solution was incubated for 3 h in the dark at

room temperature. Excess FTSC was removed using a 10-kDa cutoff

Ultra Centrifugal Filter (Millipore) using 20 mM HEPES, pH 7.5, and

150 mM NaCl as the buffer.

Interferon stimulatory DNA and the 55-bp dsDNA were labeled

by primer extension with the forward primer conjugated to FAM or

Cy5 on the 50 terminus (Sangon). The ISD sequence is 50-
TACAGATCTACTAGTGATCTATGACTGATCTGTACATGATCTACA-

30. The 55-bp dsDNA sequence is 50-TCGATACAGATCTACTAGTGA
TCTATGACTGATCTGTACATGATCTACAATCACT-30. The 380-bp

dsDNA was PCR amplified from a plasmid that contains part of the

SARS-CoV cDNA genome using a forward primer with a 50 TAMRA

label (Sangon). The primer sequences are forward 50-TAATACGACT
CACTATAGGGATGTCTGATAATGG-30 and reverse 50- AGCTTCTGG
GCCAGTTCCTAG-30.

The cGAS protein was labeled with FITC (Thermo Fisher, cat#

46424). The protein in 20 mM HEPES, pH 7.5, and 150 mM NaCl at

a concentration of 1–5 mg/ml and FITC were mixed at a molar ratio

of 1:1 to 1:1.5. After incubation for 5 min in the dark at room tem-

perature, 2 mM Tris–HCl, pH 8.0, was added to the solution to stop

the reaction. Protein aggregates were removed by centrifugation at

20,000 g for 5 min. Excess FITC was removed using a 30-kDa cutoff

Ultra Centrifugal Filter (Millipore) with the 20 mM HEPES, pH 7.5,

and 150 mM NaCl as buffer.

Observation of RNA-induced phase separation of cGAS in vitro

For the phase separations induced by the total RNA from HeLa cells

or yeast tRNA, RNAs and FITC-labeled cGAS were mixed at the indi-

cated concentrations and were transferred into a 384-well plate.

Total RNA was extracted from HeLa cells with an RNA purification

kit (Thermo, cat# K0731). The samples were prepared in 20 mM

HEPES, pH 7.5, and 150 mM NaCl. Phase separations of the RNAs

and FITC-labeled cGAS were observed using laser scanning confocal

microscopy with excitation at 488 nm and emission at 499–641 nm.

For substitution of FTSC-tRNA in cGAS-associated phase-

separated granules by dsDNAs, FTSC-tRNA and cGAS were mixed

first, and dsDNAs (Cy5-ISD or TAMRA-labeled 380-bp dsDNA) were

then added at the indicated concentrations. The samples were pre-

pared in 20 mM HEPES, pH 7.5, 150 mM NaCl. The samples were

transferred into a 384-well plate and observed using laser scanning

confocal microscopy. For each fluorophore, excitation lasers and
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emission filters were as follows: FTSC excitation, 488 nm; FTSC

emission, 491–535 nm; Cy5 excitation, 633 nm; Cy5 emission, 638–

759 nm; TAMRA excitation, 543 nm; and TAMRA emission, 558–

682 nm.

To observe the influence of phase separation on cGAS activity,

FAM-labeled 55-bp dsDNA, tRNA and cGAS were mixed at the same

concentrations in the cGAS activity assays. The samples were pre-

pared in 25 mM Tris–HCl, pH 8.0, 20 mM NaCl, 5 mM MgCl2,

1 mM ATP, and 1 mM GTP. Phase separation was observed using

laser scanning confocal microscopy with excitation at 488 nm and

emission at 499–641 nm.

Stable cell line generation

To generate the cell line that stably expresses doxycycline-inducible

YFP-hcGAS or hcGAS-GFP, the sequence encoding YFP-hcGAS or

hcGAS-GFP was cloned into the lentiviral vector pLVX-TetOne-Puro

(Takara). A mixture of 2 lg pLVX-TetOne-Puro construct, 1 lg
pMD2.G, and 1 lg psPAX2 was transfected into the HEK293T cells

using Lipofectamine 2000 (Thermo Fisher, cat# 11668019) when

cells were at ~ 70% confluence. The cells were cultured in a 6-well

plate with the DMEM medium (Thermo Fisher) and 10% FBS

(Gibco, cat# 10091148) to generate the lentivirus. The medium con-

taining lentiviruses was collected 60 h after the transfection, and the

dead cell debris was removed by centrifugation. Polybrene was

added to the solution at a final concentration of 0.8 lg/ml to

enhance the lentiviral infection. The lentivirus was added to

HEK293T cells cultured in a 6-well plate when cells were at 50–60%

confluence. The virus was replaced 12 h after infection with fresh

DMEM medium containing 10% FBS. The cells were cultured for

another 12 h, and then puromycin was added to the medium at a

final concentration of 2.5 lg/ml. After passaging the cells three

times in medium containing 2.5 lg/ml puromycin, the cells were

maintained in the medium containing 2.5 lg/ml puromycin.

Cell imaging

For RNA/DNA differential staining and imaging, hcGAS-GFP

HEK293T cells were seeded on a coverslip. After 24 h, expression of

hcGAS-GFP was induced by adding 0.1 lg/ml doxycycline, and cells

were allowed to grow for 9–20 h. Cells were fixed with 4%

paraformaldehyde in PBS and were washed with PBS after 15 min.

The cells were permeabilized with 0.5% Triton X-100 in PBS for

15 min, and then the cells were washed three times with PBS. PBS

containing 2 lg/ml Hoechst 33342 and 4 lg/ml pyronin Y

(Amresco, cat# 0207) was added to the cells to stain DNA and RNA,

respectively. After 15 min, coverslips were mounted on glass slides

with Prolong Glass Antifade Mountant (Thermo Fisher). After 2 h or

longer, the slides were observed by confocal microscopy (Zeiss LSM

880). For each dye, excitation lasers and emission filters were as fol-

lows: Hoechst 33342 excitation, 405 nm; Hoechst 33342 emission,

410–489 nm; YFP excitation, 514 nm; YFP emission, 525–588 nm;

pyronin Y excitation, 561 nm; and pyronin Y emission, 625–

758 nm. Phase-separated granules of cGAS and the 55-bp dsDNA,

total RNA, or tRNA were observed as controls (Appendix Fig S3).

For RNA-specific staining, HEK293T cells that express hcGAS-

GFP or HeLa cells were seeded on a coverslip in a 24-well plate. The

expression of hcGAS-GFP was induced by adding 0.1 lg/ml

doxycycline. The culture medium was supplemented with 1 mM 5-

ethynyl uridine. After 18 h, HeLa cells were fixed by the addition of

4% paraformaldehyde in PBS. HEK293T-hcGAS-GFP cells were

transfected with 0.5 lg Cy5-ISD and 1.5 lg PEI max. After 20 h,

293T-hcGAS-GFP cells were fixed with 4% paraformaldehyde in

PBS. The fixed cells were washed with PBS, permeabilized by the

addition of 0.5% TritonX-100 in PBS and washed with PBS again.

RNAs containing 5-ethynyl uridine were stained by the addition of a

buffer containing 100 mM Tris, pH 8.5, 1 mM CuSO4, 25 lM Alexa

Fluor 488-azide (Thermo Fisher, C10329) or azide-fluor 545 (Sigma,

760757). After 30 min, the staining buffer was removed, and cells

were washed with PBS containing 0.02% sodium azide. HEK293T-

hcGAS-GFP cells were washed by PBST three times and mounted

onto a slide. HeLa cells were further stained with a cGAS-specific

rabbit antibody (CST, cat# 79978) for 1 h at room temperature,

washed with PBST three times, stained with Alexa Fluor plus 555-

conjugated goat anti-rabbit antibody (Thermo Fisher, cat# A32732),

washed with PBST five times, and mounted onto a slide. The slides

were observed using a confocal microscope (Zeiss LSM 980) or a

spinning disk confocal microscope (Olympus IXplore SpinSR).

For imaging YFP-hcGAS in HEK293T cells transfected with Cy5-

ISD, cells were cultured in a four-chamber dish with a glass bottom

(Cellvis, cat# D35C4-20-1.5-N). Approximately 6–9 h after the induc-

tion of expression with 0.1 lg/ml doxycycline, 0.5 lg of Cy5-ISD

was transfected into the cells in one chamber using Lipofectamine

2000. Cells were observed using a confocal microscope (Zeiss LSM

710).

tRNA displacement assays

FTSC-labeled tRNA and cGAS were mixed to allow tRNA-cGAS con-

densates to form, and then DNA was added. After a short incubation

of 5 min at room temperature, cGAS-nucleic acid condensates were

spun down at 20,000 g for 5 min. The fluorescence signal of the free

FTSC-tRNA in the supernatant was measured using a NanoDrop

3300 (Thermo Scientific). Release of the FAM-labeled ISD from the

condensates was measured similarly. The FTSC-tRNA and the FAM-

dsDNA concentrations had linear relationships with fluorescent sig-

nals in the range of 0.0125–0.2 mg/ml (Appendix Fig S8). The per-

centage of FTSC-tRNA displaced was calculated by the following

equation: P = (Fi–F0) * 100/(F–F0). P: percentage of substituted

FTSC-tRNA. Fi: fluorescence signal of FTSC-tRNA in the supernatant

of each test. F0: fluorescence signal of FTSC-tRNA in the super-

natant when DNA was not added. F: fluorescence signal of FTSC-

tRNA without adding DNA or cGAS.

Extraction of cytoplasmic cGAS and density gradient
centrifugation

Extraction of cytoplasmic cGAS from HeLa cells was previously

described (Du & Chen, 2018). The cytoplasm was extracted by hypo-

tonic treatment (10 mM HEPES, pH 7.5, 5 mM KCl, 3 mM MgCl2)

and homogenized through a 29G needle. The homogenized cells

were centrifuged at 500 g to remove cell debris and nuclei. The

supernatant was collected and centrifuged at 20,000 g to obtain the

supernatant fraction S20 and the pellet fraction (P20). P20 was

resuspended in an isotonic buffer (20 mM HEPES, pH 7.5, 250 mM

sucrose, 25 mM KCl, 5 mM MgCl2) containing 17.5% OptiPrep
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(Sigma, cat# D1556). The resuspended P20 (400 ll) was further

fractionated over an OptiPrep density gradient after treatment with

RNase (20 ll of 10 mg/ml RNase A, 5 ll of 10 U/ll RNase I), DNase

(25 ll of 1 U/ll DNase I), or buffer for 30 min at 37°C. After further

fractionation over an OptiPrep density gradient (isotonic buffer con-

taining 27.5, 25, 22.5, and 20% OptiPrep, from bottom to top,

900 ll per layer, with resuspended P20 on the top of the gradient).

In vitro analysis of cGAS activity

In vitro enzymatic activities of cGAS were measured by monitoring

the formation of the product 2030-cGAMP by using an HPLC system

(SHIMADZU, LC-10A) equipped with LC-10AT pumps and an SPD-

10AV ultraviolet detector. The strands of the 55-bp dsDNA were

chemically synthesized: 50-TCGATACAGATCTACTAGTGATCTATG
ACTGATCTGTACATGATCTACAATCACT-30 and 50-AGTGATTGTAG
ATCATGTACAGATCAGTCATAGATCACTAGTAGA CTGTATCGA-30.
The reaction mixture contained 5.5 lM (0.323 mg/ml) FL-hcGAS,

25 mM Tris–HCl, pH 8.0, 20 mM NaCl, 5 mM MgCl2, 1 mM ATP,

1 mM GTP, the 55-bp dsDNA at various concentrations (0.0034–

0.2166 mg/ml) with or without 5 lM (0.125 mg/ml) tRNA. Reac-

tions were also performed by varying tRNA concentrations (0.5–

8 lM, 0.005–0.200 mg/ml) at 0.0068 or 0.0544 mg/ml 55-bp dsDNA

with all other components the same as described above. Each reac-

tion in 40 ll total volume was incubated at 25°C for 5 min and ter-

minated by heating at 85°C for 15 min. After centrifuging at

16,000 g for 10 min, the supernatant was analyzed using an YMC-

pack pro-C18 reverse phase column (4.6 × 250 mm, 5 lm). Ana-

lytes were monitored using 254 nm light. Buffer A contained 5 mM

ammonium acetate (pH 5.0) in water, and phase B was 100% ace-

tonitrile. The samples were eluted using a linear gradient from 2%

B to 15% B at a flow rate of 1 ml/min over 15 min. The product

2030-cGAMP was quantified by measuring the peak area (lAU�sec)
of 2030-cGAMP visualized with 254 nm light. Each experiment was

performed in triplicate.

IFNB mRNA quantification in THP1 cells

The ssRNA used for transfection was prepared using an in vitro tran-

scription kit (Thermo Fisher, cat# AM1334), treated with CIAP (calf

intestinal alkaline phosphatase, Thermo Fisher, cat# 18009019), and

purified with a clean-up kit (Thermo Fisher, cat# AM1908) accord-

ing to the instructions provided by the vendor. THP1 cells were

seeded in 6-well plates. RNA and DNA were transfected with Lipo-

fectamine 2000 (Thermo Fisher). For cGAS inhibitor G150 treated

groups, 10 lM G150 (MCE, cat# HY-128583) was added to the

medium 1 h before transfection. After 6 h, cells were harvested and

RNA was extracted using the GeneJet RNA purification kit (Thermo

Fisher). The cDNAs were produced by reverse transcriptions using

the PrimeScriptTM RT reagent kit with gDNA Eraser (Takara). RT-

qPCR was performed by using the iTaq Universal SYBR Green

Supermix on a CFX96 RT–qPCR machine (Bio-Rad). PPIB was cho-

sen as the reference gene. The primers for the RT–qPCRs were

designed by using the PrimerBank server (http://pga.mgh.harvard.

edu/primerbank/). Primer sequences are as follows: PPIB: forward

50-GTCCGTCTTCTTCCTGCTG-30, reverse 50-CATCTTCATCTCCAAT
TCGTAGG-30. IFNB: forward 50-ACGCCGCATTGACCATCTAT-30,
reverse 50-TGGCCTTCAGGTAATGCAGA-30. The RT–qPCR results

were analyzed with the Bio-Rad software CFX manager, and the

graphs were drawn by using the software GraphPad Prism.

Data availability

No large primary datasets have been generated and deposited.

Expanded View for this article is available online.
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