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DNA is present in the nucleus and mitochondria of eukaryotic cells. There are, however, certain instances in which DNA emerges in the cytosol. The two major sources of cytosolic DNA are self DNA that is leaked out from the nucleus or mitochondria, and non-self DNA from DNA viruses. The cytosolic DNA triggers the host immune response. Recent studies have identified two key molecules, cyclic GMP-AMP (cGAMP) synthase (cGAS) and stimulator of interferon genes (STING) in this immune response. STING is an endoplasmic reticulum (ER) protein. After STING binding to cGAMP, STING exits the ER and translocates to the Golgi, where STING triggers the type I interferon- and proinflammatory responses through the activation of interferon regulatory factor 3 (IRF3) and nuclear factor-kappa B (NF-κB). STING also activates other cellular responses including cell senescence, autophagy, and cell death. In this review, we focus on emerging issues regarding the regulation of STING by membrane traffic, with a particular focus on the retrograde membrane traffic from the Golgi to the ER. The retrograde membrane traffic is recently shown by us and others to be critical for silencing the STING signaling pathway and the defect in this traffic underlies the pathogenesis of the COPA syndrome, a monogenic autoinflammatory disease caused by missense mutations of coatomer protein complex subunit α (COP-α).
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Introduction

The innate immune response is essential for efficient and rapid host defense against invading pathogens. Invading pathogens are sensed by pattern recognition receptors (PRRs) in the host cell (1, 2). PRRs include Toll-like receptors (3), RIG-I-like receptors (4), and nucleotide-binding domain and leucine-rich repeat-containing receptors (5), C-type lectin receptors (CLRs) (6). They bind microbial molecules such as CpG DNA, viral RNAs, and lipopolysaccharides. Activated PRRs initiate a series of intercellular signaling events, leading to the production of type I interferons, proinflammatory cytokines, and antiviral proteins that all coordinate to eliminate pathogens and infected cells.

An ER-associated molecule referred to as STING (7), also known as MITA (8), ERIS (9), MPYS (10), or TMEM173, has been shown to contribute to a sensing pathway that is critical for detecting cytosolic DNA or cyclic dinucleotides (CDNs) (11) including cGAMP (12). CDN-bound STING translocates from the ER to the Golgi, where STING recruits TBK1 (13, 14), which then phosphorylates IRF3. Phosphorylated IRF3 dimerizes and translocates to the nucleus to induce transcription of genes that encode type I interferons such as interferon-β (IFNβ). STING also induces proinflammatory response via NF-κB by the activation of TBK1 and IKKϵ (15, 16). Inborn errors of innate immunity that is linked to dysregulated activation of cGAS/STING/TBK1/IRF3 have been described in multiple autoinflammatory or neurodegenerative diseases [see the review by (17)], such as Aicardi-Gourieres syndrome, systemic lupus erythematosus, Parkinson disease, and amyotrophic lateral sclerosis. These findings underscore the critical roles of the STING pathway in human pathophysiology.

Several PRRs including TLRs, CLRs, and STING are transmembrane proteins. They localize at various organelles, such as the plasma membrane (PM), late endosomes, recycling endosomes (REs), and the ER. Upon binding to their ligands, some PRRs relocate to other organelles by membrane traffic and trigger the innate immunity signaling there. Not surprisingly, impaired membrane traffic of PRRs often makes the host susceptible to infection or prone to autoinflammatory diseases. These findings emphasize the critical role of membrane traffic in innate immunity. In this review, we focus on emerging issues regarding the regulation of STING activity by membrane traffic, with a particular focus on the membrane traffic between the ER and the Golgi. This membrane traffic is recently shown to relate to two autoinflammatory diseases, STING-associated vasculopathy with onset in infancy (SAVI) (18, 19) and the COPA syndrome (20), which is caused by missense mutations of coatomer protein COP-α.



Exocytic Membrane Traffic of STING From the ER

After the binding of STING to CDNs, STING relocates from the ER to the Golgi (21, 22). Treatment with brefeldin A (BFA) or expression of Shigella effector IpaJ, which inhibits the ER-to-Golgi traffic, dampens the phosphorylation of IRF3 and induction of IFNβ, suggesting that the ER-to-Golgi traffic is required for the STING signaling (13, 21, 23, 24). The ER-to-Golgi traffic is facilitated by the coat protein complex-II (COP-II), a protein complex that is responsible for creating membrane vesicles (COP-II vesicles) that bud from the ER (25). Sar1 (a small GTPase), Sec23/Sec24 (inner coat proteins), and Sec13/Sec31 (outer coat proteins) are five cytosolic components of the COP-II complex. Knockdown of Sar1A and Sar1B, two mammalian Sar1 paralogs, inhibited the STING translocation from the ER to the Golgi and the phosphorylation of IRF3, indicating that the exit of STING from the ER with COP-II vesicles is required for the STING signaling (14). The critical role of COP-II-mediated transport of STING in the STING signaling was corroborated by the experiments with knockdown of Sec13, Sec23, Sec24, or Sec31 (26–28).

Several proteins associated with COP-II are also involved in the STING signaling. Yip1 domain family (YIPF) proteins are multi-spanning membrane proteins (29). Yeast Yip1p regulates COP-II vesicle biogenesis (30). YIPF5 (a mammalian ortholog of yeast Yip1p) is responsible for cytosolic DNA-induced translocation of STING from the ER and the induction of IFNβ (27). The transmembrane emp24 domain (TMED) family are single-spanning transmembrane proteins and have emerged as critical regulators of the early (ER-to-Golgi) and late (Golgi-to-plasma membrane) exocytic pathways (31). Yeast Emp24p and Erv25p belong to TMED family and both proteins recruit specific cargo molecules into COP-II vesicles (32, 33). TMED2 (a mammalian ortholog of yeast Emp24p) is required for herpes simplex virus (HSV)-induced translocation of STING from the ER and the STING signaling (26). TMED10 (a mammalian ortholog of yeast Erv25p) also participates in the STING signaling (26).

The rhomboid family are evolutionary conserved intramembrane proteases. Mammalian iRhom1 and iRhom2, do not possess the protease activity and are hence dubbed “inactive” rhomboid family members (34). iRhom2 localizes at the ER and is essential for the translocation of a disintegrin and metalloproteinase 17 (ADAM17) from the ER to the Golgi (35). iRhom2 is required for HSV-induced translocation of STING from the ER and the STING signaling (36). Recently, CxORF56, or STING ER exit protein (STEEP), is shown to facilitate the STING trafficking from the ER. After cGAMP stimulation, STEEP stimulates phosphatidylinositol-3-phosphate [PtdIns(3)P] synthesis in the ER membrane and induces membrane curvature at the ER (37). Whether PI(3)P-dependent membrane curvature formation promotes COP-II vesicle biogenesis remains to be elucidated.

How does the binding of cGAMP to STING promote the translocation of STING? One clue is provided by the cryo-electron microscopy structure of cGAMP-bound STING (38). The cGAMP binding causes a 180° rotation of the ligand-binding domain of STING relative to its transmembrane domain (the inset in Figure 1). This rotation affects a conformation of a loop on the side of the ligand-binding-domain dimer, leading to the formation of the STING oligomers. Another study suggests that the oligomerization of STING requires Cys148-mediated disulfide bridges (39). These conformational changes of STING will expose and/or generate the binding interface(s) with the COP-II components and/or the proteins that regulate COP-II vesicle biogenesis.




Figure 1 | Exocytic membrane traffic of STING from the ER. STING localizes at the ER at the steady-state. Upon binding to CDNs, STING translocates from the ER to the Golgi with COP-II vesicles. Several proteins (YIPF5, TMED2, TMED10, iRhom2, and STEEP) associated with the COP-II components are required for the translocation of STING. After reaching the Golgi, STING undergoes palmitoylation and activate TBK1 at the trans-Golgi network.



All of the molecules described above are positive regulators of the STING trafficking from the ER with COP-II vesicles. Recently, the Ca2+ sensor stromal interaction molecule 1 (STIM1), an ER-resident protein, is shown to be a suppressor of the STING signaling (40). STIM1 deficiency results in a low-level induction of IFNβ and a partial STING translocation to the perinuclear compartment without cGAMP stimulation. The induction of IFNβ is abolished by concurrent knockout of STING. Importantly, STIM1 binds STING under unstimulated conditions, and its interaction with STING is reduced upon cGAMP binding. Therefore, STIM1 serves as a tether to retain STING at the ER under steady/unstimulated conditions. Thus, there appears a “tug-of-war” of STING at the ER membrane between the COP-II components and the tethering molecule(s), and their power balance may be critical for STING dynamics. The conformational change of STING upon cGAMP binding should influence the power balance, favoring the STING exit from the ER with the COP-II components.



STING Activation at the Golgi

As mentioned above, the trafficking of STING from the ER is critical to activate the downstream signaling cascade. Recent evidence suggests that palmitoylation of STING at the Golgi is essential for activation of STING (13). Treatment of cells with palmitoylation inhibitor 2-bromopalmitate (2-BP) inhibits type I interferon response without affecting the trafficking of STING from the ER. Mutation of two membrane-proximal Cys residues (C88/91) suppresses palmitoylation, and this STING variant is incapable of inducing STING-dependent signaling. The significance of C88/91 in STING signaling is corroborated by the recent findings of identification of STING inhibitors that target C88/91 of STING (41–43). Of note, the scrutinization of the Golgi with immunofluorescence microscopy suggests that the activation of TBK1 occurs exclusively at the trans-Golgi network (TGN) (13), a Golgi domain that is responsible for the sorting of exocytic cargo molecules for delivery to the PM and endosomes.

Protein palmitoylation has been implicated in the assembly of proteins (44) into lipid rafts, specific lipid microdomains that contain cholesterol and sphingomyelin (SM). At the TGN, cholesterol and SM generated by SM synthase 1 (the Golgi-localized SM synthase) are suggested to form lipid rafts at the TGN (45). C6-ceramide treatment interferes the integrity of lipid rafts at the Golgi by producing short-chain SM (45). C6-ceramide inhibits the STING signaling without affecting the relocation of STING from the ER or palmitoylation of STING (13). Thus, we hypothesize that STING palmitoylation allows STING to cluster in the lipid rafts at the TGN, facilitating the recruitment of TBK1 and IRF3 onto STING. Given that STING can cluster upon cGAMP binding (38), the clustering nature of STING at the TGN may be qualitatively distinct from that of cGAMP-bound STING at the ER, perhaps in the number and/or the spatial arrangement of STING in the cluster.

An autoinflammatory syndrome termed STING-associated vasculopathy with onset in infancy (SAVI) is caused by gain-of-function mutations in STING (18, 19, 46, 47). The SAVI mutations (V147L, N154S, V155M, C206Y, R281Q, and R284G) cause constitutive activation of STING without cGAMP stimulation. These SAVI variants do not stably localize at the ER, instead localize at the perinuclear compartments (13, 14). The suppression of ER-to-Golgi traffic with BFA abolishes TBK1 binding to the SAVI variants (14). The interferon response elicited by these SAVI variants is inhibited by 2-BP or an introduction of Cys88/91Ser mutation (13). These results suggest that the constitutively active SAVI variants even require the translocation from the ER and their palmitoylation at the Golgi for their activity. The experimental 3D modeling of the C-terminal cytosolic domain of STING predicts that the one of the SAVI mutations, V155M, increases the stability of the STING dimer (18). The structure of the SAVI variants may mimic that of cGAMP-bound STING, therefore, the SAVI mutations may skew STING affinity to the COP-II components (37), allowing the SAVI variants to exit the ER without cGAMP binding.

Several studies have suggested that the ER-Golgi intermediate compartment (ERGIC) is the site of STING activation. ERGIC is a complex membrane system that resides between the ER and the Golgi. Conventionally, ERGIC is regarded as ERGIC-53 (p58)-positive compartment. However, ERGIC-53 circulates between the ER/ERGIC/the Golgi, the care has to be taken in interpreting co-localization data of STING and ERGIC-53. As mentioned above, pTBK1, the active form of TBK1, localizes exclusively at the TGN, not at the rest of the Golgi domains (13), arguing against that the ERGIC is the site of STING activation. The role of ERGIC in the STING activation will be firmly demonstrated when one develops the way to inhibit the “ERGIC-to-Golgi” membrane trafficking.



Retrograde Membrane Traffic of STING From the Golgi

The COPA syndrome is a recently discovered monogenic autoinflammatory/autoimmune disorder characterized by interstitial lung disease and high expression of type I interferon-stimulated genes (20, 48). The disease is caused by heterozygous mutations of the COPA gene, encoding COP-α of the COP-I complex. The COP-I complex mediates the retrograde membrane transport from the Golgi to the endoplasmic reticulum (ER) via COP-I vesicles (49, 50). All of the mutations lie in the N-terminal WD40 domain of COP-α, which is implicated in the recognition of cargo proteins (51). How the impaired retrograde transport causes COPA syndrome remained largely unknown.

Recently, four groups provide the evidence that COPA syndrome is caused by constitutive activation of STING, being accompanied with a loss of the ER localization of STING (52, 53). With the disease-causative COP-α variants, STING is not able to be retrieved back to the ER from the Golgi because of the impaired COP-I transport. The forced Golgi localization of STING leads to the activation of STING at the TGN (54). COP-α binds C-terminal di-lysine motifs (KKXX and KXKXX) of its cargo proteins (49, 55, 56). Since STING does not have these motifs, we reason the presence of adapter protein(s) that links STING and α-COP. By mass spectrometric analysis, we identify 18 proteins with these motifs. Knockdown of Surf4, not that of the other 17 proteins, relocates STING from the ER to the Golgi and results in the emergence of p-TBK1 (54). STING/Surf4/COP-α complex is disrupted in the presence of the disease-causative COP-α variant. These results suggest that Surf4/α-COP axis is essential to maintain the steady-state localization of STING to the ER. Intriguingly, the binding of the SAVI variants to Surf4 is reduced (54). The reduced binding may partly explain the aberrant localization of the SAVI variants to the Golgi.

Several neurodegenerative diseases are linked to COP-I dysfunction. Mutations in Scy1-like 1 (Scyl1) in mice cause motor neuron degeneration and cerebellar atrophy (57, 58). Scyl1 binds to COP-β subunit of the COP-I complex and knockdown of Scyl1 disrupts COPI-mediated retrograde traffic from the Golgi to the ER (59). Golgi brefeldin A-resistant guanine nucleotide exchange factor 1 (GBF1) is a guanine-nucleotide exchange factor for ADP-ribosylation factor family of small GTPases (60). GBF1 is involved in the formation of COP-I vesicles, maintenance, and function of the Golgi. The pathogenic variants of GBF-1 are recently found in individuals affected by distal hereditary motor neuropathies (HMNs) and axonal Charcot-Marie-Tooth neuropathy (CMT2) (61). It is tempting to speculate that STING is constitutively activated in these neurodegenerative diseases, as in the COPA syndrome, contributing in part to their pathogenesis.



Concluding Remarks

During the last several years, substantial progress has been achieved in the molecular mechanism underlying the cGAS/STING pathway, one of the critical innate immune signaling pathways. The activity of STING is now revealed to be strictly regulated by membrane trafficking. The exocytic membrane traffic from the ER, which is mediated by COP-II vesicles, promotes STING activation. In contrast, the retrograde membrane traffic from the Golgi to the ER, which is mediated by COP-I vesicles, suppresses STING activation, by preventing STING from reaching the TGN. Thus, recent studies on the COPA syndrome demonstrate another “tug-of-war” of STING between the ER and the Golgi, which involves the COP-II- and COP-I-mediated membrane transports (Figure 2).




Figure 2 | The retrograde membrane traffic retrieves STING from the Golgi to the ER. The retrograde membrane traffic from the Golgi to the ER, which is mediated by COP-I vesicles, suppresses STING activation, by preventing STING from reaching the TGN. Surf4 functions as an adaptor to link STING and α-COP. STIM1 serves as a tether to retain STING at the ER.



Despite these advances, critical questions remain unanswered, such as the nature of palmitoylated STING, the nature of STING oligomers, the molecular mechanism underlying TBK1 recruitment to STING, and the regulators of post-Golgi membrane trafficking of STING to lysosomes. These studies are anticipated to make broad conceptual contributions to cell biology (membrane traffic and signaling), biochemistry (protein lipidation), and innate immunity (autoinflammatory diseases).



Author Contributions

TT conceptualized the layout of the topics and wrote the review. KM gathered the information over the review’s topics and prepared the figures. ET and RS gathered the information regarding the Golgi-associated diseases. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by JSPS KAKENHI Grant Numbers JP19H00974 (TT), JP20H05307 (KM), JP20H03202 (KM), and AMED-PRIME (17939604) (TT).



References

1. Palm, NW, and Medzhitov, R. Pattern Recognition Receptors and Control of Adaptive Immunity. Immunol Rev (2009) 227:221–33. doi: 10.1111/j.1600-065X.2008.00731.x

2. Takeuchi, O, and Akira, S. Pattern Recognition Receptors and Inflammation. Cell (2010) 140:805–20. doi: 10.1016/j.cell.2010.01.022

3. Blasius, AL, and Beutler, B. Intracellular Toll-Like Receptors. Immunity (2010) 32:305–15. doi: 10.1016/j.immuni.2010.03.012

4. Yoneyama, M, Kikuchi, M, Natsukawa, T, Shinobu, N, Imaizumi, T, Miyagishi, M, et al. The RNA Helicase RIG-I has an Essential Function in Double-Stranded RNA-induced Innate Antiviral Responses. Nat Immunol (2004) 5:730–7. doi: 10.1038/ni1087

5. Ye, Z, and Ting, JP. NLR, the Nucleotide-Binding Domain Leucine-Rich Repeat Containing Gene Family. Curr Opin Immunol (2008) 20:3–9. doi: 10.1016/j.coi.2008.01.003

6. Geijtenbeek, TB, and Gringhuis, SI. Signalling Through C-type Lectin Receptors: Shaping Immune Responses. Nat Rev Immunol (2009) 9:465–79. doi: 10.1038/nri2569

7. Ishikawa, H, and Barber, GN. STING is an Endoplasmic Reticulum Adaptor That Facilitates Innate Immune Signaling. Nature (2008) 455:674–8. doi: 10.1038/nature07317

8. Zhong, B, Yang, Y, Li, S, Wang, YY, Li, Y, Diao, F, et al. The Adaptor Protein MITA Links Virus-Sensing Receptors to IRF3 Transcription Factor Activation. Immunity (2008) 29:538–50. doi: 10.1016/j.immuni.2008.09.003

9. Sun, W, Li, Y, Chen, L, Chen, H, You, F, Zhou, X, et al. ERIS, an Endoplasmic Reticulum IFN Stimulator, Activates Innate Immune Signaling Through Dimerization. Proc Natl Acad Sci USA (2009) 106:8653–8. doi: 10.1073/pnas.0900850106

10. Jin, L, Waterman, PM, Jonscher, KR, Short, CM, Reisdorph, NA, and Cambier, JC. MPYS, a Novel Membrane Tetraspanner, is Associated With Major Histocompatibility Complex Class II and Mediates Transduction of Apoptotic Signals. Mol Cell Biol (2008) 28:5014–26. doi: 10.1128/MCB.00640-08

11. Burdette, DL, Monroe, KM, Sotelo-Troha, K, Iwig, JS, Eckert, B, Hyodo, M, et al. STING is a Direct Innate Immune Sensor of Cyclic Di-GMP. Nature (2011) 478:515–8. doi: 10.1038/nature10429

12. Wu, J, Sun, L, Chen, X, Du, F, Shi, H, Chen, C, et al. Cyclic Gmp-AMP is an Endogenous Second Messenger in Innate Immune Signaling by Cytosolic DNA. Science (2013) 339:826–30. doi: 10.1126/science.1229963

13. Mukai, K, Konno, H, Akiba, T, Uemura, T, Waguri, S, Kobayashi, T, et al. Activation of STING Requires Palmitoylation At the Golgi. Nat Commun (2016) 7:11932. doi: 10.1038/ncomms11932

14. Ogawa, E, Mukai, K, Saito, K, Arai, H, and Taguchi, T. The Binding of TBK1 to STING Requires Exocytic Membrane Traffic From the ER. Biochem Biophys Res Commun (2018) 503:138–45. doi: 10.1016/j.bbrc.2018.05.199

15. Abe, T, and Barber, GN. Cytosolic-DNA-Mediated, STING-dependent Proinflammatory Gene Induction Necessitates Canonical NF-κb Activation Through TBK1. J Virol (2014) 88:5328–41. doi: 10.1128/JVI.00037-14

16. Balka, KR, Louis, C, Saunders, TL, Smith, AM, Calleja, DJ, D’Silva, DB, et al. TBK1 and Ikkϵ Act Redundantly to Mediate Sting-Induced Nf-κb Responses in Myeloid Cells. Cell Rep (2020) 31:107492. doi: 10.1016/j.celrep.2020.03.056

17. Motwani, M, Pesiridis, S, and Fitzgerald, KA. DNA Sensing by the cGAS-STING Pathway in Health and Disease. Nat Rev Genet (2019) 20:657–74. doi: 10.1038/s41576-019-0151-1

18. Jeremiah, N, Neven, B, Gentili, M, Callebaut, I, Maschalidi, S, Stolzenberg, MC, et al. Inherited STING-Activating Mutation Underlies a Familial Inflammatory Syndrome With Lupus-Like Manifestations. J Clin Invest (2014) 124:5516–20. doi: 10.1172/JCI79100

19. Liu, Y, Jesus, AA, Marrero, B, Yang, D, Ramsey, SE, Montealegre Sanchez, GA, et al. Activated STING in a Vascular and Pulmonary Syndrome. N Engl J Med (2014) 371:507–18. doi: 10.1056/NEJMoa1312625

20. Watkin, LB, Jessen, B, Wiszniewski, W, Vece, TJ, Jan, M, Sha, Y, et al. COPA Mutations Impair ER-Golgi Transport and Cause Hereditary Autoimmune-Mediated Lung Disease and Arthritis. Nat Genet (2015) 47:654–60. doi: 10.1038/ng.3279

21. Ishikawa, H, Ma, Z, and Barber, GN. STING Regulates Intracellular DNA-mediated, Type I Interferon-Dependent Innate Immunity. Nature (2009) 461:788–92. doi: 10.1038/nature08476

22. Saitoh, T, Fujita, N, Hayashi, T, Takahara, K, Satoh, T, Lee, H, et al. Atg9a Controls dsDNA-driven Dynamic Translocation of STING and the Innate Immune Response. Proc Natl Acad Sci USA (2009) 106:20842–6. doi: 10.1073/pnas.0911267106

23. Konno, H, Konno, K, and Barber, GN. Cyclic Dinucleotides Trigger ULK1 (ATG1) Phosphorylation of STING to Prevent Sustained Innate Immune Signaling. Cell (2013) 155:688–98. doi: 10.1016/j.cell.2013.09.049

24. Dobbs, N, Burnaevskiy, N, Chen, D, Gonugunta, VK, Alto, NM, and Yan, N. Sting Activation by Translocation From the ER is Associated With Infection and Autoinflammatory Disease. Cell Host Microbe (2015) 18:157–68. doi: 10.1016/j.chom.2015.07.001

25. Barlowe, C, and Helenius, A. Cargo Capture and Bulk Flow in the Early Secretory Pathway. Annu Rev Cell Dev Biol (2016) 32:197–222. doi: 10.1146/annurev-cellbio-111315-125016

26. Sun, MS, Zhang, J, Jiang, LQ, Pan, YX, Tan, JY, Yu, F, et al. TMED2 Potentiates Cellular Ifn Responses to DNA Viruses by Reinforcing Mita Dimerization and Facilitating its Trafficking. Cell Rep (2018) 25:3086–98. doi: 10.1016/j.celrep.2018.11.048

27. Ran, Y, Xiong, MG, Xu, ZS, Luo, WW, Wang, SY, and Wang, YY. Yipf5 Is Essential for Innate Immunity to DNA Virus and Facilitates Copii-Dependent STING Trafficking. J Immunol (2019) 203:1560–70. doi: 10.4049/jimmunol.1900387

28. Gui, X, Yang, H, Li, T, Tan, X, Shi, P, Li, M, et al. Autophagy Induction Via STING Trafficking is a Primordial Function of the cGAS Pathway. Nature (2019) 567:262–6. doi: 10.1038/s41586-019-1006-9

29. Shaik, S, Pandey, H, Thirumalasetti, SK, and Nakamura, N. Characteristics and Functions of the Yip1 Domain Family (Yipf), Multi-Span Transmembrane Proteins Mainly Localized to the Golgi Apparatus. Front Cell Dev Biol (2019) 7:130. doi: 10.3389/fcell.2019.00130

30. Heidtman, M, Chen, CZ, Collins, RN, and Barlowe, C. A Role for Yip1p in COPII Vesicle Biogenesis. J Cell Biol (2003) 163:57–69. doi: 10.1083/jcb.200306118

31. Aber, R, Chan, W, Mugisha, S, and Jerome-Majewska, LA. Transmembrane emp24 Domain Proteins in Development and Disease. Genet Res (Camb) (2019) 101:e14. doi: 10.1017/S0016672319000090

32. Belden, WJ, and Barlowe, C. Erv25p, a Component of COPII-coated Vesicles, Forms a Complex With Emp24p That is Required for Efficient Endoplasmic Reticulum to Golgi Transport. J Biol Chem (1996) 271:26939–46. doi: 10.1074/jbc.271.43.26939

33. Muñiz, M, Nuoffer, C, Hauri, HP, and Riezman, H. The Emp24 Complex Recruits a Specific Cargo Molecule Into Endoplasmic Reticulum-Derived Vesicles. J Cell Biol (2000) 148:925–30. doi: 10.1083/jcb.148.5.925

34. Adrain, C, and Freeman, M. New Lives for Old: Evolution of Pseudoenzyme Function Illustrated by Irhoms. Nat Rev Mol Cell Biol (2012) 13:489–98. doi: 10.1038/nrm3392

35. Adrain, C, Zettl, M, Christova, Y, Taylor, N, and Freeman, M. Tumor Necrosis Factor Signaling Requires iRhom2 to Promote Trafficking and Activation of TACE. Science (2012) 335:225–8. doi: 10.1126/science.1214400

36. Luo, WW, Li, S, Li, C, Lian, H, Yang, Q, Zhong, B, et al. iRhom2 is Essential for Innate Immunity to DNA Viruses by Mediating Trafficking and Stability of the Adaptor STING. Nat Immunol (2016) 17:1057–66. doi: 10.1038/ni.3510

37. Zhang, BC, Nandakumar, R, Reinert, LS, Huang, J, Laustsen, A, Gao, ZL, et al. STEEP Mediates STING ER Exit and Activation of Signaling. Nat Immunol (2020) 21:868–79. doi: 10.1038/s41590-020-0730-5

38. Shang, G, Zhang, C, Chen, ZJ, Bai, XC, and Zhang, X. Cryo-EM Structures of STING Reveal its Mechanism of Activation by Cyclic GMP-AMP. Nature (2019) 567:389–93. doi: 10.1038/s41586-019-0998-5

39. Ergun, SL, Fernandez, D, Weiss, TM, and Li, L. Sting Polymer Structure Reveals Mechanisms for Activation, Hyperactivation, and Inhibition. Cell (2019) 178:290–301. doi: 10.1016/j.cell.2019.05.036

40. Srikanth, S, Woo, JS, Wu, B, El-Sherbiny, YM, Leung, J, Chupradit, K, et al. The Ca2+ Sensor STIM1 Regulates the Type I Interferon Response by Retaining the Signaling Adaptor STING At the Endoplasmic Reticulum. Nat Immunol (2019) 20:152–62. doi: 10.1038/s41590-018-0287-8

41. Haag, SM, Gulen, MF, Reymond, L, Gibelin, A, Abrami, L, Decout, A, et al. Targeting STING With Covalent Small-Molecule Inhibitors. Nature (2018) 559:269–73. doi: 10.1038/s41586-018-0287-8

42. Hansen, AL, Buchan, GJ, Rühl, M, Mukai, K, Salvatore, SR, Ogawa, E, et al. Nitro-Fatty Acids are Formed in Response to Virus Infection and are Potent Inhibitors of STING Palmitoylation and Signaling. Proc Natl Acad Sci USA (2018) 115:E7768–75. doi: 10.1073/pnas.1806239115

43. Jia, M, Qin, D, Zhao, C, Chai, L, Yu, Z, Wang, W, et al. Redox Homeostasis Maintained by GPX4 Facilitates STING Activation. Nat Immunol (2020) 21:727–35. doi: 10.1038/s41590-020-0699-0

44. Linder, ME, and Deschenes, RJ. Palmitoylation: Policing Protein Stability and Traffic. Nat Rev Mol Cell Biol (2007) 8:74–84. doi: 10.1038/nrm2084

45. Duran, JM, Campelo, F, van Galen, J, Sachsenheimer, T, Sot, J, Egorov, MV, et al. Sphingomyelin Organization is Required for Vesicle Biogenesis At the Golgi Complex. EMBO J (2012) 31:4535–46. doi: 10.1038/emboj.2012.317

46. Munoz, J, Rodière, M, Jeremiah, N, Rieux-Laucat, F, Oojageer, A, Rice, GI, et al. Stimulator of Interferon Genes-Associated Vasculopathy With Onset in Infancy: A Mimic of Childhood Granulomatosis With Polyangiitis. JAMA Dermatol (2015) 151:872–7. doi: 10.1001/jamadermatol.2015.0251

47. Melki, I, Rose, Y, Uggenti, C, Van Eyck, L, Frémond, ML, Kitabayashi, N, et al. Disease-associated Mutations Identify a Novel Region in Human STING Necessary for the Control of Type I Interferon Signaling. J Allergy Clin Immunol (2017) 140:543–52. doi: 10.1016/j.jaci.2016.10.031

48. Volpi, S, Tsui, J, Mariani, M, Pastorino, C, Caorsi, R, Sacco, O, et al. Type I Interferon Pathway Activation in COPA Syndrome. Clin Immunol (2018) 187:33–6. doi: 10.1016/j.clim.2017.10.001

49. Letourneur, F, Gaynor, EC, Hennecke, S, Démollière, C, Duden, R, Emr, SD, et al. Coatomer is Essential for Retrieval of Dilysine-Tagged Proteins to the Endoplasmic Reticulum. Cell (1994) 79:1199–207. doi: 10.1016/0092-8674(94)90011-6

50. Scales, SJ, Pepperkok, R, and Kreis, TE. Visualization of ER-to-Golgi Transport in Living Cells Reveals a Sequential Mode of Action for COPII and COPI. Cell (1997) 90:1137–48. doi: 10.1016/S0092-8674(00)80379-7

51. Eugster, A, Frigerio, G, Dale, M, and Duden, R. Cop I Domains Required for Coatomer Integrity, and Novel Interactions With ARF and ARF-GAP. EMBO J (2000) 19:3905–17. doi: 10.1093/emboj/19.15.3905

52. Deng, Z, Chong, Z, Law, CS, Mukai, K, Ho, FO, Martinu, T, et al. A Defect in COPI-mediated Transport of STING Causes Immune Dysregulation in COPA Syndrome. J Exp Med (2020) 217:e20201045. doi: 10.1084/jem.20201045

53. Lepelley, A, Martin-Niclós, MJ, Le Bihan, M, Marsh, JA, Uggenti, C, Rice, GI, et al. Mutations in COPA Lead to Abnormal Trafficking of STING to the Golgi and Interferon Signaling. J Exp Med (2020) 217:e20200600. doi: 10.1084/jem.20200600

54. Mukai, K, Ogawa, E, Uematsu, R, Kuchitsu, Y, Kiku, F, Uemura, T, et al. Homeostatic Regulation of STING by Retrograde Membrane Traffic to the ER. Nat Commun (2021) 12:61. doi: 10.1038/s41467-020-20234-9

55. Cosson, P, and Letourneur, F. Coatomer Interaction With Di-Lysine Endoplasmic Reticulum Retention Motifs. Science (1994) 263:1629–31. doi: 10.1126/science.8128252

56. Ma, W, and Goldberg, J. Rules for the Recognition of Dilysine Retrieval Motifs by Coatomer. EMBO J (2013) 32:926–37. doi: 10.1038/emboj.2013.41

57. Schmidt, WM, Kraus, C, Höger, H, Hochmeister, S, Oberndorfer, F, Branka, M, et al. Mutation in the Scyl1 Gene Encoding Amino-Terminal Kinase-Like Protein Causes a Recessive Form of Spinocerebellar Neurodegeneration. EMBO Rep (2007) 8:691–7. doi: 10.1038/sj.embor.7401001

58. Pelletier, S, Gingras, S, Howell, S, Vogel, P, and Ihle, JN. An Early Onset Progressive Motor Neuron Disorder in Scyl1-deficient Mice is Associated With Mislocalization of TDP-43. J Neurosci (2012) 32:16560–73. doi: 10.1523/JNEUROSCI.1787-12.2012

59. Burman, JL, Bourbonniere, L, Philie, J, Stroh, T, Dejgaard, SY, Presley, JF, et al. Scyl1, Mutated in a Recessive Form of Spinocerebellar Neurodegeneration, Regulates COPI-mediated Retrograde Traffic. J Biol Chem (2008) 283:22774–86. doi: 10.1074/jbc.M801869200

60. Donaldson, JG, and Jackson, CL. ARF Family G Proteins and Their Regulators: Roles in Membrane Transport, Development and Disease. Nat Rev Mol Cell Biol (2011) 12:362–75. doi: 10.1038/nrm3117

61. Mendoza-Ferreira, N, Karakaya, M, Cengiz, N, Beijer, D, Brigatti, KW, Gonzaga-Jauregui, C, et al. De Novo and Inherited Variants in GBF1 are Associated With Axonal Neuropathy Caused by Golgi Fragmentation. Am J Hum Genet (2020) 107:763–77. doi: 10.1016/j.ajhg.2020.08.018



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Taguchi, Mukai, Takaya and Shindo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu.2021.646304_cover.jpg
’ frontiers
in Immunology

STING Operation at the ER/Golgi
Interface





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        STING Operation at the ER/Golgi Interface

      

        		

          Introduction

        



        		

          Exocytic Membrane Traffic of STING From the ER

        



        		

          STING Activation at the Golgi

        



        		

          Retrograde Membrane Traffic of STING From the Golgi

        



        		

          Concluding Remarks

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-12-646304-g001.jpg
trans-Golgl network






OEBPS/Images/fimmu-12-646304-g002.jpg
COP-i vesicles.






