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Supplementary Figure 1. Secondary siRNA screen of selected STING cofactors identified from 

the primary proteomic screen. 

a, b Ligand activation a and tonic activation b of lfnb1 mRNA expression. Wild-type MEFs were 

transfected with siRNA to knocking down each selected candidate cofactors. Then, knockdown cells were 

either simulated with HT-DNA (1 µg/mL, 4 h) then qRT-PCR for Ifnb1 expression (A) or directly measured 

Ifnb1 expression without stimulation b. Fold-changes were determined by normalizing to control siRNA 

in either assay. 

c-e siRNA knockdown efficiency of Sec24c and Gcc2 c, Gcc1, Gcc2, Golga1 and Golga4 d, Sting and 

Mavs e in MEFs measured by qRT-PCR. n=3. 

f qRT-PCR measurement of Sting mRNA level. 

Data are representative of at least three independent experiments. Data (a-e) are shown as mean ± s.e.m. 

P values are determined by unpaired two-tailed Student’s t-test (c and e) and One-way ANOVA (d and 

e). ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001,∗∗∗∗p < 0.0001. ns, not significant. 
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Supplementary Figure 2. STING lysosomal degradation, signaling activities in Gcc2KO MEFs and 
GCC2 knockdown human cells.  

a Western blot analysis of STING degradation. Gcc2WT and Gcc2KO MEFs were pretreated with lysosome 

inhibitor Bafilomycin A1 or proteasome inhibitor MG132 prior to the HTDNA stimulation (1 µg/mL).  

b Western blot analysis of STING signaling activities. Gcc2WT and Gcc2KO MEFs were stimulated with 

HTDNA (1 µg/mL) for 1.5 h. p-Sting, p-Tbk1 and p-Irf3 are key phosphorylation events of the STING-
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dependent IFN signaling. p-p65 is a key phosphorylation event of the STING-dependent NF-kB signaling. 

LC3B conversion is key event of STING-dependent autophagy. n=3. 

c Characterization of Ifnar1 expression in Gcc2WT and Gcc2KO MEFs. A representative histogram of cell 

surface Ifnar1 in Gcc2WT and Gcc2KO MEFs measured by FACS (top). A bar graph showing the mean 

fluorescence intensity of Ifnar1 (bottom left). Total Ifnar1 expression in whole cell lysate is determined by 

Western blot. 

d qRT-PCR analysis of tonic IFNB1 and CXCL10 mRNA expression in THP-1 (n=4) and HeLa cells (n=6) 

after siRNA knockdown of GCC2 for 48 h.  

Data are representative of at least three independent experiments. Around 30 cells in two-three different 

views were analyzed (a-c). Data (d) are shown as mean ± s.e.m. P values are determined by unpaired 

two-tailed Student’s t-test in c,d. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 and ∗∗∗∗p < 0.0001. ns, not 

significant. 
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Supplementary Figure 3. A quantitative time-lapse microscopy assay for STING trafficking and 

signaling. 

a Confocal microscopy images showing endogenous STING trafficking in wild-type MEFs followed by 

HT-DNA stimulation (1 µg/mL) for indicated times (top, same below). Sting-/- MEFs (panels on the right) 

were used to ensure specificity of the STING antibody staining. Endogenous STING in green, PDI (an 

ER marker) or GM130 (a Golgi marker) in red, DAPI in blue. Scale bar, 20µm. n=3. 

b Quantification of endogenous STING colocalization with the ER or the Golgi during trafficking. Two-

color images were analyzed by Fiji to determine Pearson’s Correlation Coefficient shown as a function 

of time. Highlighted area indicated STING Golgi-dwell time. The colored area corresponds to Golgi 

residency. Same below. n=3. 

c Quantification of fluorescence intensity of endogenous STING in the Golgi area (GM130+ area) as a 

function of time. Highlighted area indicated STING Golgi-dwell time. n=3. 

d Quantification of fluorescence intensity of STING-GFP in live cells as a function of time. Highlighted 

area indicated STING Golgi-dwell time. ER-exit (dotted line) was estimated by increase of GFP signal 

and Golgi-exit (dotted line) was estimated by decrease of GFP signal. n=3. 

e Representative images showing endogenous p-TBK1 staining in Gcc2WT and Gcc2KO MEFs after HT-

DNA stimulation (1 µg/mL). Endogenous p-TBK1 in cyan and DAPI in blue. Scale bar, 20µm. 

f Representative images showing endogenous p-IRF3 staining in Gcc2WT and Gcc2KO MEFs HT-DNA 

stimulation (1 µg/mL). Blue dotted lines indicate cell periphery. Green dotted lines indicate the nucleus. 

Endogenous p-IRF3 in white. Scale bar, 20µm. n=3. 

g, h Representative images showing normal Golgi morphology in Gcc2WT and Gcc2KO MEFs. Confocal 

microscopy images showing GM130, and TGN38 in Gcc2WT and Gcc2KO MEFs at the resting state. Cis-

Golgi marker GM130 in Red, trans-Golgi marker TGN38 in Cyan. Scale bar, 20µm. n=3. 

Data are representative of at least three independent experiments. Around 10 cells in two different views 

were analyzed (b-d). Data (b-d) are shown as mean ± s.e.m.  
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Supplementary Figure 4. STING Golgi-dwell time measurement using cis- and trans-Golgi markers. 

a, b Confocal microscopy images showing endogenous STING trafficking in Gcc2WT and Gcc2KO MEFs 

followed by HT-DNA stimulation (1 µg/mL) for indicated times (top, same below). Endogenous STING in 

green, GM130 (a cis-Golgi marker) in red a, TGN38 (a trans-Golgi marker) in magenta b, DAPI in blue. 

A white box indicated enlarged area shown in the zoom-in panel below. Scale bar of the original images 

and zoom in images are 20µm and 4µm, respectively. n=3. 

c Quantification of fluorescence intensity of endogenous STING in the cis-Golgi (GM130+ area) using Fiji. 

Asterisk indicates significant differences. The colored area corresponds to Golgi residency. Same below. 

n=3. 

d Quantification of fluorescence intensity of endogenous STING in the trans-Golgi (TGN38+ area) using 

Fiji. Asterisk indicates significant differences. n=3. 

Data are representative of at least three independent experiments. At least 30 cells in two-three different 

views were analyzed (a, b). Data (c, d) are shown as mean ± s.e.m. P values are determined by Two-

way ANOVA in c,d. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 and ∗∗∗∗p < 0.0001. 
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Supplementary Figure 5. STING signaling is selectively affected by global arrest of post-Golgi 
trafficking. 

a Western blot analysis of STING signaling kinetics at different temperatures. Gcc2WT and Gcc2KO MEFs 

were first acclimated in 37oC or 20oC then stimulated with cell-permeable STING agonist DMXAA (10 

µg/mL) for indicated times while remaining at the same temperature. 

b Western blot analysis of dsRNA-induced IFN signaling at different temperatures. Gcc2WT and Gcc2KO 

MEFs were first acclimated in 37oC or 20oC then stimulated with synthetic dsRNA poly (I:C) (1 µg/mL) for 

indicated times while remaining at the same temperature. 
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Supplementary Figure 6. Cellular sources of DNA for cGAS. 

a Endogenous cGAS IP and DNA analysis. Wildtype MEFs whole cell lysate was used for IP with control 

IgG or a-cGAS antibody from indicated vendors (Sigma or Abcam) at two different concentrations (L, 0.3 

µg; H, 2 µg). Abcam a-cGAS antibody at 0.3 μg showed the best enrichment with minimal background 

and was used for DNA analysis. cGAS-bound DNA species were analyzed by qPCR after IP (right).   n=2. 

b mtDNA was depletion by EtBr treatment and IFN signaling. qPCR analysis of mtDNA content in EtBr-

treated cells (left). qPCR analysis of IFN signaling following ABT/QvD stimulation in control and EtBr-

treated cells (right).  n=3. 

c Representative images showing normal mitochondria morphology in Gcc2WT and Gcc2KO MEFs. 
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d Western blot analysis of DNA damage marker p-ATM in Gcc2WT and Gcc2KO MEFs. Samples from four 

different experiments were examined in the same SDS-PAGE gel. Quantification of p-ATM intensity was 

shown as a bar graph on the right. n=4. 

e ELISA analysis of intracellular 2’3’-cGAMP in cGASWT and cGASKO MEFs with or without HTDNA 

stimulation. n=6. 

Data are representative of at least three independent experiments. Data (a, b, e) are shown as mean ± 

s.e.m. P values are determined by One-way ANOVA (b and e), unpaired two-tailed Student’s t-test in (d). 

∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001. ns, not significant. 
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Supplementary Figure 7. Biochemical analysis of GCC2, Rab GTPases and STING protein 

interaction. 

a siRNA knockdown efficiency of several Rab GTPases in MEFs measured by qRT-PCR. n=3. 

b Co-immunoprecipitation analysis of Myc-GCC2 and FLAG-STING interaction. HEK293T cells were 

transfected with indicated plasmids (top) followed by IP with FLAG antibody. No interaction was detected. 

c, d Co-immunoprecipitation analysis of FLAG-Gcc2 and various HA-Rab GTPases interaction. 

HEK293T cells were transfected with indicated plasmids (top) followed by IP with FLAG antibody. GCC2 

interaction with Rab2a, Rab2b and Rab14 was detected. 

e Western blot analysis of Rab, STING and MAVS protein knockout efficiency in indicated single and 

double knockout MEFs (top).  

f qRT-PCR analysis of Sting mRNA expression in Rab14WT and Rab14KO MEFs. n=4. 

g qRT-PCR analysis of Ifnb1 and ISGs mRNA expression in Rab14WT, Rab14KO, Rab14KOStingKO-pool,  

Rab14KOMavsKO-pool MEFs. n=3. 

Data are representative of at least three independent experiments. Data (a and f) are shown as mean ± 

s.e.m. P values are determined by unpaired two-tailed Student’s t-test in (a and f) and One-way ANOVA 

(g). ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001. ns, not significant. 



 15 



 16 

Supplementary Figure 8. Normal IgG autoantibodies, cytokines, and body weight in Gcc2-/- mice. 

a Body weight of Gcc2+/+ (n=9), Gcc2-/- (n=8), Gcc2-/-Sting-/- (n=10) mice. 

b A heatmap showing IgG autoantibody array analysis of Gcc2+/+, Gcc2-/-, Gcc2-/-Sting-/- mouse serum 

(6-month-old). n=5. 

c Representative bar graphs of individual IgG autoantibody from b. n=5. 

d Representative bar graphs of serum cytokines from Gcc2+/+, Gcc2-/-, Gcc2-/-Sting-/- mouse serum (6-

month-old). n=5. 

Data are representative of at least three independent experiments. Data are shown as mean ± s.e.m. P 

values are determined by One-way ANOVA in (b and c) or Two-way ANOVA in a. ns, not significant. 
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Supplementary Figure 9. Normal immune cell development and ISGs in Gcc2-/- mice.  

a qRT-PCR analysis of Ifnb1 and ISGs mRNA expression in BMDM, lung, and whole blood from Gcc2+/+ 

and Gcc2-/- mice. n=6. 

b Representative FACS plot of peritoneal B1/B2 cells from Gcc2+/+ and Gcc2-/- mice. n=5. 

c Representative FACS plot of splenic B cell populations from Gcc2+/+ and Gcc2-/- mice. n=5. 

d Representative FACS plot of splenic T cell populations from Gcc2+/+ and Gcc2-/- mice. n=2. 

Data are representative of at least three independent experiments. Data are shown as mean ± s.e.m. P 

values are determined by unpaired two-tailed Student’s t-test. ns, not significant. 
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Supplementary Figure 10. Gcc2 or Rab14 knockout in B16 cells increase resting-state ISG 
expression. 

a Western blot analysis of wild-type, Gcc2KO and Rab14KO B16 cells to confirm protein knockout. 

b qRT-PCR analysis of ISG mRNA expression in wild-type, Gcc2KO or Rab14KO B16 cells. n=4. 

Data are representative of at least three independent experiments. Data (b) are shown as mean ± s.e.m. 

P values are determined by One-way ANOVA. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 and ∗∗∗∗p < 0.0001. 

 

 


