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 2 

Abstract  29 

STING activation by cyclic dinucleotides in mammals induces IRF3- and NFkB -mediated gene expression, 30 

and the lipidation of LC3B at Golgi-related membranes. While mechanisms of the IRF3 response are well 31 

understood, the mechanisms of NFkB activation mediated by STING remain unclear. We report that STING 32 

activation induces linear/M1-linked ubiquitin chain (M1-Ub) formation and recruitment of the LUBAC E3 ligase, 33 

HOIP, to LC3B-associated Golgi membranes where ubiquitin is also localized. Loss of HOIP prevents 34 

formation of M1-Ub ubiquitin chains and reduces STING-induced NFkB and IRF3-mediated signaling in human 35 

monocytic THP1 cells and mouse bone marrow derived macrophages, without affecting STING activation. 36 

STING-induced LC3B lipidation is not required for M1-Ub chain formation or the immune-related gene 37 

expression, however the recently reported function of STING to neutralize the pH of the Golgi may be involved. 38 

Thus, LUBAC synthesis of M1 ubiquitin chains mediates STING-induced innate immune signaling. 39 

 40 

Keywords: Golgi/Innate Immunity/Interferon/LUBAC/LC3B 41 

 42 

Introduction 43 

The evolutionarily conserved cGAS-STING pathway initiates potent innate immune responses through 44 

several signaling cascades following the detection of double-stranded DNA (dsDNA) in the cytoplasm of cells 45 

(Chen et al, 2016; Hopfner & Hornung, 2020; Ahn & Barber, 2019). In mammals, cGAS synthesis of the cyclic 46 

dinucleotide 2’3’ cyclic GMP-AMP (cGAMP) and its binding to STING at ER membranes induces the trafficking 47 

of STING from the ER to the Golgi apparatus. Following trafficking through Golgi compartments, and prior to its 48 

degradation in the lysosome, STING initiates a broad transcriptional program of type I interferons mediated by 49 

its interaction with the kinase TBK1 and the transcription factor IRF3. At Golgi membranes, active STING also 50 

induces the lipidation of the ubiquitin-like protein, LC3B, through mechanisms that are distinct from the known 51 

role of LC3B lipidation in autophagosome formation (Gui et al, 2019; Fischer et al, 2020; Mizushima, 2020). 52 

Activation of cGAS-STING also induces the transcription of NFkB related genes through poorly understood 53 

mechanisms (Ishikawa & Barber, 2008; Abe & Barber, 2014; Mann et al, 2019; Balka et al, 2020; Yum et al, 54 

2021). Although all of these downstream signaling events mediated by STING activation have been reported to 55 

play a role in antiviral defense (Gui et al, 2019; Ishikawa & Barber, 2008; Yum et al, 2021; Zhong et al, 2008; 56 
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Ishikawa et al, 2009), whether and how they are mechanistically related is unclear. Here, we report that 57 

ubiquitin robustly co-localizes with activated STING and LC3B at Golgi membranes. As ubiquitylation is 58 

important in both autophagy-related and innate immune signaling, we sought to determine whether these 59 

ubiquitylation events play a role in STING-mediated innate immune responses. 60 

 61 

STING activation induces M1- and K63- ubiquitin chain formation. 62 

Activation of STING and its trafficking to the perinuclear region of cells induces clusters of small LC3B 63 

positive vesicles near the Golgi apparatus (hereafter referred to as LC3B foci) (Gui et al, 2019; Fischer et al, 64 

2020; Prabakaran et al, 2018). Immunostaining for ubiquitin (Ub) after treatment with the STING ligand, 2’3 65 

cGAMP, or the STING agonist diABZI, in HeLa cells stably expressing untagged STING (HeLaSTING), at low 66 

levels, and mEGFP-LC3B showed that >80% of cells present Ub positive foci that co-localize with mEGFP-67 

LC3B and a subset of STING punctae in the perinuclear region (Fig. 1A,B and EV1). 68 

Ubiquitin can be conjugated to other ubiquitin molecules at any of the seven lysine residues and to the 69 

N-terminal methionine (M1), forming unique polyubiquitin chains that mediate specific downstream signaling 70 

pathways (Komander & Rape, 2012). To detect which polyubiquitin chain species are localized at LC3B-foci, 71 

we used linkage specific ubiquitin antibodies to immunostain for K48- and K63-Ub chains (Fig. EV1). Robust 72 

K63-Ub positive foci were detected in 67% of cells, with over 80% of mEGFP-LC3B foci staining positively for 73 

K63-Ub (Fig. EV1). However, no K48-Ub foci were detected in cells, and no mEGFP-LC3B foci stained 74 

positively for K48-Ub (Fig. EV1). K63-Ub co-localization with LC3B following STING activation by cGAMP or 75 

diABZI in live cells was also detected using a fluorescently tagged probe that selectively binds K63-Ub chains 76 

(Sims et al, 2012) (Fig. EV1 and Movie 1). Consistently, detection of linkage-specific polyubiquitin chains by 77 

immunoblotting showed a cGAMP-induced increase in K63-Ub, but not K48-linked or total-Ub (Fig. 1C-E, G). 78 

By immunoblotting, we also probed for linear/M1-linked ubiquitin chains (hereafter referred to as M1-Ub) 79 

following STING activation. Surprisingly, cGAMP activation of STING induced a robust increase in M1-Ub 80 

chains (Fig. 1F,G). To confirm the distinct polyubiquitin chains independently of antibody detection, we used 81 

mass spectrometry to quantitatively identify GG-K/M linked peptides in cells following STING activation (Fig. 82 

1H). Detection of GG-K/M linked peptide abundances in lysates from untreated and cGAMP treated cells 83 

showed a small increase in GG-K(63) peptides, and no change in GG-K(48) peptides (Fig. 1H). M1-Ub chains 84 
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were detected after enrichment for ubiquitin using Pan-TUBE (Tandem Ubiquitin Binding Entities) pulldown, 85 

showing an eight-fold average increase in GG-M(1) peptide abundance with cGAMP treatment compared to 86 

the untreated control (Fig. 1H). Collectively, these data demonstrate that STING activation induces robust 87 

ubiquitin co-localization with LC3B foci in the perinuclear region, that prior work showed is the Golgi apparatus 88 

(Fischer et al, 2020; Gui et al, 2019; Liu et al, 2023; Xun et al, 2023). STING activation also induces the 89 

synthesis of M1 ubiquitin chains, in addition to K63 ubiquitin chains.  90 

LC3B lipidation at acidic organelles can be induced by a variety of stimuli, including lysosomotropic 91 

agents, such as Monensin (also referred to as CASM) (Jacquin et al, 2017). To determine whether ubiquitin co-92 

localization with LC3B is a general feature of LC3B lipidation at acidic organelles, we immunostained for 93 

ubiquitin following Monensin treatment (Fig. 1I). Ubiquitin was detected at some, but not all, Monensin-induced 94 

LC3B vesicles (Fig. 1I). Immunoblotting for K63- and M1-Ub chains following Monensin treatment showed an 95 

increase in K63-Ub chains, but not M1-Ub chains (Fig. 1J-L), indicating that M1-Ub chain formation may be 96 

selectively associated with STING-mediated LC3B lipidation at Golgi membranes.  97 

 98 

HOIP is required for STING activation-induced M1-Ub chain formation in HeLa and immune cell lines. 99 

While many E3 ligases generate K63 ubiquitin chains, M1 ubiquitin chains are only known to be formed 100 

by the E3 ligase HOIP, a component of the Linear Ubiquitin Assembly Complex (LUBAC) (Kirisako et al, 2006; 101 

Sasaki & Iwai, 2015). Stable overexpression of mEGFP tagged HOIP in HeLaSTING cells also stably expressing 102 

mScarletI-LC3B, showed a cytosolic localization in untreated cells (Fig. EV2). cGAMP activation of STING 103 

induced a clustering of mEGFP-HOIP in the perinuclear region that co-localized with mScarletI-LC3B foci and 104 

STING (Fig. 2A,B, EV2). The localization of mEGFP-HOIP was further resolved following a brief saponin 105 

extraction prior to fixation (Fig. 2A, EV2), indicating a stable association with LC3B labeled perinuclear Golgi 106 

structures. The colocalization of HOIP and LC3B foci suggests that the ubiquitin species detected there may 107 

be M1-Ub chains, in addition to K63-Ub.  108 

To determine whether HOIP is required for M1-Ub chain formation induced by STING activation, we 109 

generated a HOIP knockout HeLa cell line (HOIPKO HeLaSTING). M1-Ub chains following STING activation by 110 

either cGAMP (Fig. 2C,E, and EV2) or diABZI (Fig. EV2) were eliminated in HOIPKO HeLaSTING cells, while 111 

K63-Ub chains were unaffected (Fig. EV2). Stable reconstitution of HOIP in HOIPKO HeLaSTING cells rescued 112 
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M1-Ub chain formation following cGAMP activation of STING, confirming that HOIP is required for STING 113 

induced M1-Ub chain formation (Fig. 2C,D). Stable overexpression of the M1 ubiquitin-specific deubiquitylase 114 

OTULIN in HeLaSTING cells, which has been shown to counteract HOIP’s E3 ligase activity (Fiil et al, 2013; 115 

Keusekotten et al, 2013), also eliminated M1-Ub chains, but not K63-Ub chains, following STING activation 116 

(Fig. EV2).  117 

STING activation, indicated by LC3B lipidation and phosphorylation of STING at serine 366 following 118 

either cGAMP or diABZI treatment was largely unaffected in HOIPKO HeLaSTING cells over time (Fig. EV2). 119 

OTULIN overexpression also causes no difference in LC3B lipidation or STING phosphorylation following 120 

cGAMP treatment (Fig. EV2). While there appeared to be a modest disruption of STING degradation at later 121 

timepoints in HOIPKO HeLaSTING cells following either cGAMP or diABZI treatment (Fig. EV2), this effect was 122 

not rescued with HOIP reconstitution (Fig. 2C), and not observed with endogenous STING in HOIPKO HeLa 123 

cells (Fig. EV2), or in OTULIN overexpressing HeLaSTING cells (Fig. EV2). We further sought to determine 124 

whether STING induces HOIP synthesis of M1-Ub chains and the effect of HOIP loss on STING signaling in 125 

well-established, immune-relevant cell models with robust endogenous STING expression. Activation of 126 

endogenous STING with either cGAMP or diABZI in the human monocyte, THP1, cell line (Fig. 2E-G and 127 

EV2), and diABZI in an immortalized mouse bone marrow derived macrophage cell line (Fig. 2H,I), induced 128 

formation of M1-Ub chains. Loss of HOIP in THP1 cells (HOIPKOpool) (Fig. 2E-G, and EV2) or knock down of 129 

HOIP in iBMDMs by shRNA (shHOIP) (Fig. 2H,I) substantially reduced the detection of M1-Ub chains following 130 

STING activation. M1-Ub chain formation following STING activation was rescued by stable reconstitution of 131 

HOIP in HOIPKOpool THP1 cells (Fig. 2E-F). Further, LC3B lipidation and STING degradation were unaffected 132 

in HOIPKOpool THP1 cells (Fig. 2E-G, and EV2), and shHOIP iBMDMs (Fig. 2H,I) following cGAMP or diABZI 133 

activation of STING. These results demonstrate that STING activation induces HOIP synthesis of M1-Ub 134 

chains in multiple cell lines, and loss of HOIP does not affect STING activation or key downstream events in 135 

the STING pathway. 136 

 137 

 138 

 139 
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Loss of STING-mediated VAIL disrupts the perinuclear localization of ubiquitin and HOIP, but not M1-140 

Ub chain formation.  141 

While examining the spatial localization of ubiquitin following STING activation, we found that stable 142 

overexpression of mEGFP-LC3B in HeLaSTING cells more tightly condenses both ubiquitin and STING into 143 

perinuclear foci (Fig. EV3) and increases the detection of M1-Ub ubiquitin chains by immunoblotting following 144 

cGAMP treatment (Fig. EV3). As HOIP is not required for STING induced LC3B lipidation (Fig. 2 and EV2), we 145 

questioned whether LC3B lipidation may function upstream of M1-Ub chain formation following STING 146 

activation. We previously reported that STING activation induced LC3B lipidation is distinct from 147 

autophagosome formation and occurs through a process we termed V-ATPase-ATG16L1 induced LC3B 148 

lipidation (VAIL) at single membrane, Golgi-related vesicles (Fischer et al, 2020).  The bacterial effector, SopF, 149 

blocks recruitment of ATG16L1 to the V-ATPase and STING-mediated LC3B lipidation, without affecting 150 

autophagy, presenting a useful tool to selectively disrupt VAIL (Xu et al, 2019; Fischer et al, 2020; Xu et al, 151 

2022). Comparison of HeLaSTING cells with or without stable expression of SopF showed no substantial 152 

difference in M1-Ub chain formation detected by immunoblotting (Fig. 3A), however ubiquitin foci formation 153 

was blocked following cGAMP treatment (Fig. 3B). Similarly, elimination of LC3B lipidation by loss of ATG16L1 154 

caused no effect on STING-mediated M1-Ub chain formation (Fig. 3C), whereas ubiquitin and mEGFP-HOIP 155 

foci formation were blocked (Fig. 3F,G) in ATG16L1KO HeLaSTING cells. Further examination of ubiquitin and 156 

mEGFP-HOIP localization with saponin extraction in WT and ATG16L1KO HeLaSTING cells following diABZI 157 

activation of STING showed that ubiquitin and mEGFP-HOIP appear in small, dispersed punctae, rather than 158 

larger, clustered foci (Fig. 3F-G). It has recently been reported that STING may form a proton channel in Golgi 159 

membranes upon its activation and trafficking that neutralizes the pH of the Golgi and stimulates LC3B 160 

lipidation (Liu et al, 2023; Xun et al, 2023). C53 is a small molecule agonist of STING that is reported to block 161 

LC3B lipidation and the neutralization of Golgi pH following STING activation by binding to the putative proton 162 

channel region in STING’s transmembrane domains (Liu et al, 2023; Xun et al, 2023; Pryde et al, 2021). 163 

Treatment of HeLaSTING cells with C53 blocked STING activation induced LC3B lipidation, and partially reduced 164 

M1-Ub chain formation (Fig. EV3) following diABZI treatment. Live imaging of mScarletI-LC3B and the K63-Ub 165 

sensor, Vx3-mEGFP, also demonstrated that C53 blocks both LC3B and Vx3 foci formation in the perinuclear 166 

region (Fig. EV3). Collectively, these results indicate that the lipidation of LC3B is not required for STING-167 
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induced HOIP synthesis of M1-Ub chains but affects the spatial localization of ubiquitin and HOIP. The Golgi 168 

pH neutralizing activity of STING may also be involved upstream of both M1-Ub chain formation, ubiquitin 169 

localization, and LC3B lipidation, indicating a possible shared signal that induces these processes at the same 170 

membranes.  171 

 172 

M1 ubiquitin chains stimulate STING-mediated NFkB signaling. 173 

Whereas K63 ubiquitin chains have been associated with diverse cellular functions, M1 ubiquitin chains 174 

are most widely understood to function in immune signaling, particularly through the NFkB pathway (Tokunaga 175 

et al, 2009; Rahighi et al, 2009; Haas et al, 2009; Sasaki & Iwai, 2015). Since activation of STING induces 176 

NFkB signaling in addition to IRF3 mediated signaling, we asked whether M1 ubiquitin chain formation induced 177 

by STING activation mediates NFkB signaling. HeLa cells overexpressing STING displayed differences in 178 

IRF3- and NFkB-related gene expression between HOIPKO and OTULIN overexpressing cell lines (Appendix 179 

Fig. S1). To avoid potential clonal variation in our HOIPKO line, complications from STING overexpression, 180 

and to study a more immune-relevant cell model, we assessed immune signaling in our HOIPKOpool THP1 181 

monocyte cells. In WT and HOIPKOpool THP1 cells, we assessed markers for both IRF3- and NFkB-related 182 

signaling by immunoblotting and gene expression following STING activation by either cGAMP (Fig. EV4) or 183 

diABZI (Fig. 4). In WT THP1 cells, robust phosphorylation of IRF3 at serine 386 and TBK1 at serine 172 were 184 

detected at the one-hour timepoint post diABZI treatment (Fig. 4A), and the two-hour timepoint post cGAMP 185 

treatment (Fig. EV4). No differences in these events were observed in HOIPKOpool THP1 cells with either 186 

treatment (Fig. 4A and Fig. EV4). Detection of the degradation of the NFkB inhibitor, IkBa, at the 4-hour time 187 

point post diABZI (Fig. 4A) or cGAMP (Fig. EV4) treatment in WT cells showed no substantial defect in the 188 

HOIPKOpool THP1 cells. However, the phosphorylation of IkBa at serine 32 appeared to be delayed in the 189 

HOIPKOpool THP1 cells compared to WT with both treatments (Fig. 4A,B and EV4). Reconstitution of HOIP in 190 

HOIPKOpool THP1 cells, rescued the phosphorylation of IkBa following diABZI activation of STING (Fig. 4C,D).   191 

Consistent with reduced upstream activation of the NFkB pathway, transcription of the NFkB-related 192 

genes, TNF, TNFAIP3, and IL6 were reduced in HOIPKOpool THP1 cells following both diABZI (Fig. 4C) and 193 

cGAMP treatments (Fig. EV4). Despite no changes in IRF3 phosphorylation (Fig. 4A), STING activation 194 
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induced expression of the IRF3-mediated gene, IFNb, by both diABZI (Fig. 4D) and cGAMP (Fig. EV4) was 195 

reduced in HOIPKOpool THP1 cells. However, interferonb-mediated gene expression was unaffected by loss of 196 

HOIP (Fig. 4D and EV4). These results may reflect cross regulation of IFNb gene induction by NFkB, in line 197 

with previous reports (Abe & Barber, 2014). Reconstitution of HOIP in HOIPKOpool THP1 cells, rescued NFkB 198 

and IRF3 related gene expression following diABZI treatment (Fig. 4C,D). Consistent with results in THP1 199 

cells, reduced expression of NFkB- and IRF3- genes was also observed with the knock down of HOIP in 200 

iBMDMs following diABZI activation of STING (Fig. EV4). These data indicate that HOIP is important for 201 

STING activation induced NFkB and IRF3-related signaling in human THP1 monocytes, and mouse bone 202 

marrow derived macrophages.  203 

 204 

LC3B lipidation is not required for STING-mediated innate immune responses.  205 

Since our discovery that STING activation induced LC3B lipidation is distinct from autophagy (Fischer 206 

et al, 2020), it has been unclear what the function of this process is in STING-mediated innate immunity. 207 

Although loss of LC3B lipidation induced by STING activation did not affect M1-Ub chain formation (Fig. 3), we 208 

questioned whether the potential regulation of ubiquitin and HOIP spatial localization we observed (Fig. 3) may 209 

impact downstream IRF3- and NFkB-related signaling. To address this question, we examined STING 210 

activation in ATG16L1KO THP1 cells. Compared to WT controls, M1-Ub chain formation induced by diABZI 211 

treatment was unaffected in ATG16L1KO THP1 cells (Fig. 5A), similarly to HeLa cells (Fig. 3C,D). While a 212 

defect in STING degradation was detected (Fig. 5A), similarly to previous reports (Gentili et al, 2023), 213 

phosphorylation of IRF3, TBK1, and IkBa were unchanged by the loss of ATG16L1 (Fig. EV5). Consistently, no 214 

differences between WT and ATG16L1KO THP1 cells were observed in IRF3/interferon- or NFkB-related gene 215 

expression following STING activation by diABZI (Fig. 5B,C), despite small, but significant increases in 216 

ATG16L1KO cells at the 8 hour time point in TNF and TNFAIP3 induction (Fig. 5B). We also examined the 217 

effect of C53-mediated inhibition of LC3B lipidation on immune-related signaling. Although no substantial 218 

differences were observed in diABZI-induced phosphorylation of IkBa with C53 treatment (Fig. EV5), C53 219 

treatment reduced NFkB and IRF3-related gene expression (Fig. EV5). These results indicate that LC3B 220 

lipidation induced by STING activation does not regulate M1-Ub chain formation or IRF3- and NFkB-related 221 
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gene expression. However, the upstream consequences of the reported proton channel activity of STING may 222 

regulate both, as well as LC3B lipidation, at Golgi membranes. 223 

 224 

Discussion 225 

Innate immune responses to cytosolic DNA, from viruses, bacteria, mitochondria or the nucleus are 226 

mediated in part by cGAS activation of STING (Ablasser & Chen, 2019). Following the detection of dsDNA, 227 

mammalian cGAS synthesizes the cyclic dinucleotide, 2’3’ cGAMP, that binds to STING and induces its 228 

membrane trafficking from the ER to the Golgi apparatus. STING localization at the Golgi and Golgi-related 229 

vesicles, initiates IRF3- and interferon-related immune signaling and LC3B lipidation at Golgi membranes, prior 230 

to its degradation in the lysosome. STING activation also induces NFkB transcriptional responses, which 231 

confers an important interferon-independent antiviral signature of STING signaling (Ishikawa & Barber, 2008; 232 

Abe & Barber, 2014; Mann et al, 2019; Balka et al, 2020; Yum et al, 2021). However, the mechanism of NFkB 233 

activation by STING, and the relation to other signaling cascades induced by STING activation and trafficking 234 

have remained unclear. We find that STING activation induces the localization of the Linear Ubiquitin Chain 235 

Assembly Complex (LUBAC) E3 ligase, HOIP, at LC3B-associated Golgi membranes and its synthesis of M1-236 

linked/linear ubiquitin (M1-Ub) chains to stimulate NFkB-related immune signaling. Loss of HOIP prevents M1-237 

Ub chain formation following STING activation by multiple agonists, which impairs IkBa phosphorylation, and 238 

the expression of NFkB-related genes. IRF3-related gene expression is also reduced with the loss of HOIP, 239 

even though STING, IRF3, and TBK1 phosphorylation remain intact, aligning with potential cross regulation 240 

between IRF3 and NFkB-related gene expression (Abe & Barber, 2014). While our work has revealed a key 241 

mechanistic step in NFkB signaling mediated by STING, several questions remain regarding how M1-Ub 242 

chains regulate NFkB signaling. The markedly slower kinetics and persistence of M1-Ub chain formation and 243 

p-IkBa we report with both cGAMP and diABZI stimulation of STING suggests distinct mechanisms compared 244 

to the quickly activated and resolved responses following TNFR or IL1R stimulation (Haas et al, 2009; 245 

Emmerich et al, 2013; Tarantino et al, 2014; Ruland, 2011). The recruitment of HOIP to the perinuclear region 246 

of cells also raises intriguing questions related to the spatial regulation of LUBAC activity and substrate 247 

specificity. Although we were unable to determine whether M1-Ub chains, specifically, are localized in 248 
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perinuclear foci with LC3B, the localization of HOIP is highly suggestive that M1-Ub may be a ubiquitin species 249 

detected at these sites. Overcoming the limitations of linkage-specific ubiquitin cross reactivity (Matsumoto et 250 

al, 2012) and more reliable reporters will be necessary to further study the spatial localization of M1-Ub chains 251 

following STING activation and in other pathways. K63-Ub are one ubiquitin species detectably localized with 252 

LC3B foci in the perinuclear region upon STING activation. It will be interesting to determine if these K63 253 

ubiquitin chains are homotypic or heterotypic with M1 ubiquitin chains (i.e., hybrid K63/M1-Ub chains) 254 

(Emmerich et al, 2013) or conjugated to specific substrates, and whether the K63-Ub chains play distinct or 255 

related roles with M1-Ub chains in STING-induced innate immune signaling. Indeed, STING itself is reported to 256 

be conjugated to K63 ubiquitin chains (Tsuchida et al, 2010; Zhang et al, 2012; Ni et al, 2017; Kuchitsu et al, 257 

2023; Prabakaran et al, 2018; Takahashi et al, 2021), which is important for its degradation (Kuchitsu et al, 258 

2023). Unravelling the specific characteristics of these ubiquitin chains will be necessary to understand how 259 

they regulate the cGAS-STING pathway. 260 

While our study began by investigating the ubiquitin species localized with LC3B in perinuclear foci we 261 

found that STING activation stimulates M1-Ub chain formation and LC3B lipidation in parallel. LC3B lipidation 262 

induced by STING is not required for formation of M1-Ub chains, and HOIP synthesis of M1-Ub chains is not 263 

required for LC3B lipidation, in multiple cell lines. However, we observed that loss of LC3B lipidation affects the 264 

spatial localization of HOIP and ubiquitin in perinuclear foci in HeLa cells, suggesting that LC3B lipidation may 265 

be involved in remodeling of their resident membranes. Importantly, while LC3B lipidation has been a 266 

recognized consequence of STING activation, the function of this process independently of autophagy, has not 267 

been resolved. Here, we show that LC3B lipidation is not required for STING-mediated IRF3- or NFkB-related 268 

immune signaling. These results suggest that the effect of LC3B lipidation on the spatial localization of 269 

ubiquitin and HOIP may be dispensable for immune-related transcriptional regulation following STING 270 

activation. Indeed, transcription factor activation independent of spatial location would be consistent with 271 

previous reports on STING signaling and other pattern recognition receptor pathways (Dobbs et al, 2015; Tan 272 

& Kagan, 2019; Landau et al, 2024). Further, we show that inhibition of the recently reported channel activity of 273 

STING by the small molecule, C53, that inhibits LC3B lipidation, also partially inhibits STING-mediated M1-Ub 274 

and K63-Ub localization, as well as NFkB- and IRF3-related gene expression. These results suggest that the 275 

potential proton channel activity of STING and its neutralization of the Golgi pH may be a shared upstream 276 
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signal stimulating these responses at Golgi membranes. Much more work is necessary to unravel the signaling 277 

and membrane dynamics between STING, ubiquitin, and LC3B, at the Golgi and how the combination of these 278 

processes shape STING-mediated innate immunity. 279 

 280 

Materials and Methods 281 

Reagents and Tools Table 282 

Reagent/Resource Reference or Source  Identifier or 
Catalog Number 

    
Experimental Models    
HeLa  ATCC CVCL_0300 
HEK293T ATCC #CRL-3216 
HOIPKO HeLa This paper 

 

ATG16L1KO HeLa Fischer et al., 2020 
 

WT THP1 (match to HOIPKO) Synthego-ATCC 
 

HOIPKO THP1 This paper (Synthego)  
 

ATG16L1KO THP1 This paper (Synthego)  
 

Recombinant DNA  
  

pSpCas9(BB)-2A-Puro (PX459) V2.0 Addgene #62988 
pLKO.1 Addgene #8453 
pTRIP_BFP-P2A-STING Addgene #102597 
pHAGEb_mEGFP-LC3B This paper  

 

pHAGEb_mEGFP-HOIP This paper  
 

pHAGEb_HOIP_IRES_mCh-3xNLS This paper  
 

pHAGEb_mScar-LC3B This paper  
 

pHAGEb_mEGFP-OTULIN This paper  
 

pHAGEb_mEGFP-SopF This paper and Fischer 
et al., 2020 

 

Antibodies    
Ms Mono- and Polyubiquitinylated conjugates (UBCJ2)  Enzo ENZ-ABS840 
Ms Anti-STING (OTI4HI)  Thermo Scientific MA5-26030 
Rb Anti-STING/TMEM173 Novus NBP2-24683 
Anti-Ubiquitin, Clone VU-1 Life Sensors VU-0101 
Rb Anti-Ubiquitin, K48-Specific, Clone Apu2 Millipore Sigma ZRB2150 
Rb Anti-Ubiquitin, Lys63-specific, Clone Apu3 Millipore Sigma 05-1308 
Rb Anti-Linear Ubiquitin, clone 1E3 ZooMab Sigma-Aldrich  ZRB2114 
Rb Anti-GAPDH Sigma-Aldrich  G9545 
Rb Anti-HOIP/RNF31, E6M5B CST 99633S 
Rb Anti-RNF31 Fortis Life Sciences A303-560A-T 
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Rb Anti-Ranbp-Type and C3Hc4-Type Zinc Finger Containing 
1 (HOIL-1) 

Proteintech 26367-1-AP 

Rb Anti-SHARPIN Proteintech 14626-1-AP 
Rb Anti-LC3B Sigma-Aldrich  L7543 
Rb Anti-phopsho-STING(S366), D7C3S CST 19781s 
Rb Anti-STING(D2P2F) CST 13647 
Rb Anti-HSP90(a/b), H-114 SCBT sc-7947 
Rb Anti-TNFAIP3-Interacting Protein 1 (TNIP1) Proteintech 15104-1-AP 
Rb Anti-OPTN Proteintech 10837-I-AP 
Rb Anti-IkBa, 44D4 CST 4812S 
Rb Anti-phospho-IkBa(S32), 14D4 CST 2859S 
Rb Anti-NFkB p65 (D14E12) XP CST 8242 
Rb Anti-phosho-NFkB p65 (S536) (93H1) CST 3033 
Rb Anti-TBK1/NAK CST 3013 
Rb phospho-TBK1/NAK(S172) (D52C2) XP CST 5483 
Rb Anti-IRF3 (D83B9)  CST 4302 
pIRF3(S386) Abcam ab76493 
Rb Anti-Vinculin (E1E9V) XP CST 13901S 
Ms Anti-Actin, Clone C4 Sigma-Aldrich  MAB1501 
Goat Anti-Rabbit IgG (H+L) Cross-Adsorbed, Alexa Fluor 647 Invitrogen A-21244 
Goat Anti-Mouse IgG (H+L) Cross-Adsorbed, Alexa Fluor 647 Invitrogen A-21235 
Goat Anti-Rabbit IgG (H+L) Cross-Adsorbed, Alexa Fluor 546 Invitrogen A-11035 
Goat Anti-Mouse IgG (H+L) Cross-Adsorbed, Alexa Fluor 546 Invitrogen A-11003 
Rabbit IgG, HRP-Linked F(ab')2 Fragment, Donkey Cytiva NA9340 
Mouse IgG, HRP-Linked F(ab')2 Fragment, Sheep Cytiva NA9310 
Oligonucleotides and other sequence-based reagents    
qPCR primers sequences This paper Table 1 
CRISPR gRNA sequences This paper Table 2 
shRNA Target sequences This paper Table 3 
Chemicals, Enzymes and other reagents    
2'3' cGAMP Sodium Salt Chemietek CT-CGMAP 
Monensin sodium salt, 90-95%(TLC) Sigma-Aldrich  M5273 
TNFa Peprotech 300-01A 
diABZI STING agonist-1 (trihydrochloride) MedChem Express HY-112921B 
diABZI STING agonist (Compound 3)  Selleck Chemicals S8796 
STING agonist C53 Tocris 7741 
Puromycin  Invivogen ant-pr-1 
Saponin  Sigma-Aldrich  47036 
Shield1 TakaraBio 632189 
Doxycycline Sigma-Aldrich  D3447 
Quick-RNA MiniPrep Plus kit  Zymo Research R1058 
High-Capacity cDNA Reverse Transcription Kit Thermo Scientific 4368814 
PowerUp SYBR Green Master Mix  Thermo Scientific A25742 
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Control Magnetic Beads (negative control)  Lifesensors UM-400M-1000 
TUBE 1 (High capacity magnetic beads)  Lifesensors UM501M 
Hoeschst Thermo Scientific H1399 
Jetoptimus Polyplus 101000006 
NEBuilder HiFi DNA Assembly Cloning Kit, with Competent 
Cells 

New England Biolabs E5520S 

DMEM Thermofisher #31053028 
Fetal Bovine Serum - Premium Select, Heat inactivated R&D S11550H 
Sodium Pyruvate Thermofisher #11360070 
GlutaMAX Thermofisher #35050061 
RPMI (ATCC modification)  ATCC 30-2001 
OptiMEM Gibco 31985062 
Software  

  

Zen Zeiss 
 

ImageLab BioRad 
 

FIJI Schindelin et al., 2012 
 

Prism GraphPad 
 

Other   
8 well chambered coverglass with #1.5 high performance 
coverglass 

Cellvis C8-1.5H-N 

96-well glass bottom plates DOT Scientific Inc MGB096-12-LG-L 
Surepage 4-12% Bis-Tris gels, 10-, 12-, 15-well Genscript 

 

Nupage 4-12% Bis-Tris gels, 20 well Thermo Scientific WG1402 
Nupage 3-8% Tris-Acetate gels, 1.0 mm, 15 well Thermo Scientific EA03755 
S-Trap Columns Protifi C02-micro 

 283 

Table 1. qPCR Primer Sequences  284 
 285 
Gene F/R Primer Sequences 
Hu IFNB1 F: CTTGGATTCCTACAAAGAAGCAGC 

 R: TCCTCCTTCTGGAACTGCTGCA 
Hu IFIT3 F: CGGAACAGCAGAGACACAGA 

 R: CGGAACAGCAGAGACACAGA 
Hu ISG15 F: TGAGAGGCAGCGAACTCATC 

 R: CAGCATCTTCACCGTCAGGT 
Hu TNF F: CTCTTCTGCCTGCTGCACTTTG 

 R: ATGGGCTACAGGCTTGTCACTC 
Hu TNFAIP3 F: GAAGCTTGTGGCGCTGAAAA 

 R: GAACGCCCCACATGTACTGA 
Hu IL6 F: AAGCCAGAGCTGTGCAGATG 

 R: GCATTTGTGGTTGGGTCAGG 
Hu ACTB F: GCACTCTTCCAGCCTTCCTT 

 R: AATGCCAGGGTACATGGTGG 
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Ms IFNB1 F: GCCTTTGCCATCCAAGAGATGC 

 R: ACACTGTCTGCTGGTGGAGTTC 
Ms IFIT3 F: GCTCAGGCTTACGTTGACAAGG   

 R: CTGCAAGTGCATCATCGTTGTTC    
Ms ISG15 F: CATCCTGGTGAGGAACGAAAGG 

 R: CTCAGCCAGAACTGGTCTTCGT 
Ms TNF F: GGTGCCTATGTCTCAGCCTCTT    

 R: GCCATAGAACTGATGAGAGGGAG    
Ms TNFAIP3 F: AGCAAGTGCAGGAAAGCTGGCT   

 R: GCTTTCGCAGAGGCAGTAACAG     
Ms IL6 F: TACCACTTCACAAGTCGGAGGC   

 R: CTGCAAGTGCATCATCGTTGTTC    
Ms ACTB F: CATTGCTGACAGGATGCAGAAGG 

 R: TGCTGGAAGGTGGACAGTGAGG   
 286 
 287 
Table 2. CRISPR gRNA Information  288 
 289 
Cell Line  Gene gRNA Transcript ID Exon  

HOIPKO HeLa RNF31 (5’-GAATACTCATCCAAGACAGC-3’) ENST00000324103.11 Exon 4 

  (3’-GCTGTCTTGGATGAGTATTC-5’)   

HOIPKOpool THP1 RNF31 UGCAGGUAGCGGGCGGCUAG ENST00000324103.11 Exon 1 

  CCUGAGGAGGGAUUCCGGGC   
  CAGGAUGCCGGGGGAGGAAG   
ATG16L1KO THP1 ATG16L1 GACAAUGUGGAUACUCAUCC ENST00000392018.1 Exon 10 

 290 
 291 
Table 3. shRNA Target Information 292 
 293 
Cell Line shRNA target sequence Gene Transcript ID 
shHOIP iBMDMs GCCACTATTCGCTACCTACAT RNF31 ENSMUST00000019443.15 

 294 
 295 

Methods and Protocols 296 

Cell Culture 297 

HeLa (ATCC), HeLa FRT/TREX, HEK293T (ATCC), and immortalized mouse bone marrow derived 298 

macrophage (iBMDM) cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM; Thermofisher) 299 

supplemented with 10% (v/v) Fetal Bovine Serum (FBS; R&D), 1 mM Sodium Pyruvate (Thermofisher), and 2 300 

mM GlutaMAX (Thermofisher). THP1 (Synthego-ATCC) cells were cultured in Roswell Park Memorial Institute 301 

(RPMI) 1640 (ATCC). HeLa FRT/TREX cells stably expressing an inducible version of the Vx3-EGFP sensor 302 
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previously reported in (Sims et al, 2012) with a DD degron fused to the N-terminus (pcDNA5-FRT/TO-DD-Vx3-303 

EGFP) were kindly provided by Tingting Yao and Robert Cohen. iBMDMs were kindly shared by Howard Young 304 

and previously reported in (Blasi et al, 1987, 1989). 305 

 306 

Cloning and Generation of Stable Cell Lines 307 

pHAGEb vectors were modified from the pHAGE (HIV-1 Gustavo George Enhanced) vector. Plasmids 308 

were generated by PCR amplification of open reading frames (ORFs) in cDNA and ligation into a linearized 309 

pHAGEb vector using a Gibson assembly kit (New England Biolabs). dH5a or Stable competent E. coli cells 310 

(New England Biolabs) were then transformed with assembled plasmids and grown on LB agar plates with 311 

appropriate antibiotics. Single colonies were selected, expanded in antibiotic containing liquid culture, and 312 

screened for successful insertion of the amplicon by diagnostic restriction enzyme digest. Selected plasmids 313 

were further validated by sanger sequencing. Complete plasmid sequences are available upon request.  314 

HeLa cell lines with stable overexpression of indicated genes were generated by lentivirus infection. 315 

Lentivirus was generated using HEK293T cells and lentiviral system plasmids (pHDM-G, pHDM-HGPM2, 316 

pHDM-tat1B, and pRC-CMV-rev1B) using a protocol detailed in Wang, 2020 (Wang, 2020). HEK293T cells 317 

were transfected with the lentiviral system plasmids (500ng each), plasmid DNA (1ug) and PEI prepared in 318 

OptiMEM media (Gibco). Following an initial exchange for fresh media 16-24 hours after transfection, lentiviral 319 

conditioned media was harvested 28-72 hours post-transfection and filtered through a 0.45um PVDF syringe 320 

filter prior to transduction of target cells. Target cells were transduced by incubating cells with generated 321 

lentivirus and 8 ug/mL Polybrene for 24 hours. At least three days following transduction, generated stable cell 322 

lines were sorted based on the expressed fluorescent proteins using Fluorescence-Activated Cell Sorting 323 

(FACS) to obtain homogenous cell populations at empirically determined optimal protein expression.  324 

 325 

Generation of CRISPR Knockout Cell Lines 326 

For HOIPKO HeLa cells, gRNAs were annealed and ligated into a BbsI-digested pSpCas9(BB)-2A-327 

Puro (PX459) V2.0 vector (Addgene #62988). Assembled plasmid DNA was expanded as described above. 328 

HeLa cells were transfected with the gRNA-containing plasmid using the JetOptimus (Polyplus) transfection 329 

reagent, and subsequently treated with 1 ug/ml puromycin (Invivogen) for 2 days to select for cells expressing 330 
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the plasmid. Isolation of single cells from the puromycin-resistant pool was obtained by limiting dilution and 331 

clonal expansion in 96 well plates. Individual clones were then screened for knockout edits by PCR 332 

amplification of the target locus from extracted genomic DNA and sanger sequencing of the amplicon. 333 

Sequence data was analyzed using the Inference of CRISPR Edits (ICE) tool from Synthego to identify clones 334 

with frame-shifting insertions or deletions (InDels). Selected clones were finally validated by measuring protein 335 

abundance detected by immunoblotting. HOIPKO HeLa cells are from Fischer et al., 2020. HOIPKO and 336 

ATG16L1KO THP1 and Mock transfected WT cells were purchased as an express pooled cell line from 337 

Synthego. Details for gRNA sequences for each KO cell line are in Supplemental File 1.  338 

 339 

shRNA Knockdown Cell Lines  340 

 For shHOIP cells, target shRNA sequence for mouse RNF31 (Supplemental File 1) was adapted, 341 

annealed, and ligated into EcoRI and AgeI-digested pLKO.1 vector as per the Addgene protocol (addgene: 342 

#8453). Assembled plasmid DNA was expanded, and lentivirus was produced as described above for both the 343 

shRNA target containing vector (shHOIP) and an empty vector (shCtrl). iBMDMs were incubated with viral 344 

inoculum for seven hours. Seventy-two hours after removal of viral inoculum, cells were treated with 10ug/mL 345 

puromycin for six days, and then validated for knockdown at the protein level by immunoblotting.   346 

 347 

Cell treatment with STING agonists 348 

For treatments of different STING agonists (cGAMP, diABZI, and C53), 12-24 hours following cell plating for 349 

each experiment (more details below), cell culture medium was replaced, and agonists were added to the fresh 350 

medium. No transfection or permeabilization reagents were used. 351 

 352 

Immunofluorescence 353 

Cells were plated onto #1.5 chambered coverglass (Cellvis) or in 96 well glass plates (DOT Scientific 354 

Inc) 18-24 hours before experiments were performed. Following indicated treatments, cells were fixed with 355 

prewarmed 4% paraformaldehyde (PFA; Electron Microscopy Services) for 10-15 minutes at 37oC. For general 356 

immunofluorescence procedures, fixed cells were rinsed with 1xPBS and permeabilized with 0.5% Triton-X 100 357 

(Sigma) in 1xPBS for 5 minutes prior to blocking for 1 hour in buffer containing 3% goat serum, 1% BSA, and 358 
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0.1% Tween-20 in 1xPBS. Cells were then incubated with primary antibody prepared in blocking buffer 359 

overnight at 4oC and then washed with 1xPBS prior to incubation with secondary antibodies in blocking buffer 360 

for 1 hour at room temperature.  361 

For linkage-specific ubiquitin antibodies, cells were incubated in blocking buffer overnight at 4oC, and 362 

then incubated in primary antibodies prepared in blocking buffer for 1 hour at room temperature prior to the 363 

washing and secondary antibody incubation steps per the recommended protocol described in Newton et al., 364 

2012 (Newton et al, 2012). Following immunostaining, cells were stained with Hoechst dye prior to imaging.  365 

For saponin extraction, cells were rinsed with ice cold HBSS, permeabilized with Saponin Extraction 366 

Buffer (SEB; 80mM PIPES, pH 6.8, 1mM MgCl2, 1mM EGTA, 0.1% Saponin (w/v)) for 2 minutes, then 4 367 

minutes on ice, and washed again 2x with HBSS prior to fixation as described above (Tarantino et al, 2014).  368 

 369 

Live Cell Imaging  370 

For live cell imaging, cells were plated in 96 well glass plates (DOT Scientific Inc) 18-24 hours before 371 

experiments were performed. For Vx3-EGFP (K63-Ub Sensor) cells were treated with Doxycycline (1 ug/mL) 372 

and the Shield1 ligand (500nM) at the time of plating and at least 24 hours prior to experiments. Image 373 

acquisition began immediately after indicated treatments and occurred every 30 minutes over a 12-hour time 374 

course. Imaging was performed in a live-cell chamber at 37oC, 5% CO2, and constant humidity. 375 

 376 

Microscopy 377 

For super-resolution imaging, fixed and/or immunostained cells were imaged on a Zeiss LSM 880 378 

Airyscan Confocal Microscope using a Zeiss 63x 1.4 NA Plan-Apochromat objective, equipped with a Piezo high-379 

precision stage at room temperature. Z-stack images were acquired with 405-, 488-, 561-, and 633-nm lasers, 380 

MBS 488/561/633 and MBS 405 beam splitters, Zeiss BP 570-620 + LP 645, BP 420-480 + BP 495-550, and 381 

BP 420-480 + LP 605 emission filters, and the Airyscan detector in frame scan mode using the Zen software 382 

platform (Carl Zeiss Microscopy). Images were then processed for Airyscan 3D deconvolution using Zen software 383 

and prepared for publication using FIJI open-source software (Schindelin et al, 2012). Upper limits of the pixel 384 

display range were adjusted to improve brightness in representative images.   385 
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For quantitative and live cell imaging, fixed and immunostained cells, or live cells were imaged on a 386 

Nikon Ti-2 CSU-W1 spinning disk confocal microscope using a 40x 1.15 NA water objective, equipped with an 387 

automated TI2-N-WID water immersion dispenser. Images were acquired with 405-, 488-, 561-, and 633-nm 388 

lasers and 698/70 nm emission filter using the Nikon elements AR microscope imaging software. 389 

 390 

Image Analysis 391 

For Pearson Correlation Coefficient analysis, custom MATLAB scripts were used that performed 392 

automated background subtraction and cell segmentation by intensity and size.  Individual cells were 393 

segmented by performing a gaussian blur on the LC3B channel, then performing a watershedding algorithm to 394 

separate the blurred peaks.  The separating lines from watershedding were then imposed on the cell mask to 395 

separate connected components to isolate single cells.  The Pearson’s Correlation Coefficient was calculated 396 

for the pixels within each cell, then the median value found for each image.  The median value was calculated 397 

between each image taken for each well of a 96 well plate, and then averages and standard deviations 398 

calculated between wells. 399 

For percent cells with foci, custom MATLAB scripts performed similar processing and cell segmentation 400 

to the Pearson’s Correlation analysis, but a secondary segmentation for punctate structures was performed.  401 

To find punctae and foci, cell-sized regions were equalized by dividing the image by a gaussian blur of the 402 

image, then pixels with high intensity in both the original image and the equalized image found and filtered by 403 

size and, in some cases, circularity.   The number of pixels positive in the foci mask were then counted for 404 

each connected component in the segmented single cell mask and, if above a threshold, were considered cells 405 

positive for foci. 406 

For percent foci positive for ubiquitin, we used custom MATLAB scripts to identify LC3B foci as above, 407 

then treated each as individual connected components in a loop.  Each component underwent a morphological 408 

dilation, and the original mask subtracted to generate a ‘donut’ shape with no overlapping foci.  Then a ratio 409 

was found between the foci component and the corresponding dilation to find if there is a higher intensity in the 410 

foci compared to near the foci.  Foci with a ratio greater than the threshold 1.75 were considered positive for 411 

ubiquitin or a specific ubiquitin chain for which they were stained. All MATLAB scripts are available upon 412 

request. Please see schematic in Appendix Figure S2 for MATLAB workflow.  413 
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 414 

Immunoblotting 415 

Cells were plated in 12-well or 6-well plates 18-24 hours prior to experiments. Following indicated 416 

treatments, cells were washed with ice cold HBSS, lysed in ice cold 1x LDS sample buffer (Genscript) 417 

supplemented with cOmplete Protease Inhibitor cocktail (Roche), and boiled immediately at 99°C for 10 418 

minutes. Protein quantitation per sample was obtained using Pierce BCA protein assay kit (ThermoFisher). 419 

Dithiothreitol (DTT; Sigma) was added to each sample at a final concentration of 100 mM just before gel 420 

loading. 421 

For general immunoblotting procedures, 20-30ug of total protein per sample was loaded into wells of 4-422 

12% Bis-Tris gels (Genscript or Invitrogen) and separated in MES or MOPS buffer ran at 65v for 30 minutes, 423 

then 125v until the dye front reached the bottom of the gel. Separated proteins were then transferred onto 0.45 424 

um Nitrocellulose membranes in BioRad Transblot Turbo Transfer Buffer with 20% EtOH using the Biorad 425 

Trans-Blot Turbo Transfer system (semi-dry). Membranes were blocked in 5% milk 1xPBST at room 426 

temperature (RT) for 1 hour prior to primary antibody incubation in 3% BSA 1xPBST at 4°C overnight. 427 

Membranes were then thoroughly washed in PBST, incubated in HRP conjugated secondary antibodies raised 428 

against the appropriate species in 5% milk PBST for 1 hour at room temperature, and finally washed. HRP 429 

signal was developed using either Amersham ECL Prime (Cytiva) or SuperSignal West Femto ECL (Thermo 430 

Scientific) and detected using a ChemiDoc Imaging System (BioRad). Images were analyzed using ImageLab 431 

(BioRad). 432 

For detection of linkage-specific ubiquitin, a modified version of the protocol described in Newton et al., 433 

2012 (Newton et al, 2012) was used. 10-15ug total protein was loaded into wells of 3-8% Tris-Acetate gels and 434 

separated in tris acetate buffer (Invitrogen) ran at 65v for 30 minutes and then 125v until the dye front reached 435 

the bottom of the gel. Separated proteins were then transferred onto 0.45um a Nitrocellulose membrane at 30v 436 

for 2 hours in Tris-Glycine buffer (Towbin formulation) supplemented with 10% MeOH using the XCell SureLock 437 

blot module system (semi-wet). Membranes were blocked in 5% milk 1xPBST overnight at 4oC, then incubated 438 

in primary antibodies in 5% milk 1xPBST for 1 hour at room temperature. Membranes were then thoroughly 439 

washed in PBST, incubated in HRP conjugated secondary antibodies raised against the appropriate species in 440 
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5% milk PBST for 1 hour at room temperature, and finally washed. HRP signal was developed using 441 

SuperSignal West Femto ECL and detected and analyzed as described above.  442 

For quantification of immunoblots, raw images were analyzed using ImageLab (BioRad) to detect band 443 

volume or lane volume (phosho and Ub blots). All band or lane values were normalized to the corresponding 444 

internal loading control (GAPDH, Vinculin, or HSP90). Relative values were then calculated as indicated in the 445 

figures and plotted using Prism 9.  446 

 447 

LC-MS/MS Quantification of Ubiquitin Linkages 448 

HeLa cells were plated in a 15cm dish ~48 hours prior to experiments. Following treatment, cells were 449 

washed 2x with ice cold 1xPBS supplemented with N-Ethymaleimide (NEM; 5mM), scraped from the dish, and 450 

centrifuged at 2,000xg for 2 minutes at 4oC. Supernatant was removed, and the cell pellets were resuspended 451 

in ice cold lysis buffer (50mM Tris-HCl, pH 7.5, 150mM NaCl, 1% NP-40, 1mM EDTA, 10% Glycerol) 452 

supplemented with the deubiquitylase and protease inhibitors (100uM PR-619, 5mM O-Phelanthroline, 5mM 453 

NEM, and cOmplete protease inhibitor cocktail). For preparation of peptides from cell lysates, a modified 454 

protocol for S-Trap spin column digestion from Protifi was used. ~40ug of protein from the cell lysates was 455 

solubilized in either a mixture of 5% SDS, 8M Urea, and 100mM TEAB or 10% SDS and 100mM TEAB, and 456 

mixed at 50oC for 5 minutes. After solubilization, samples were reduced with 0.1M TCEP for 15 minutes at 457 

room temperature, then alkylated with 0.22M NEM for 15 minutes at room temperature in the dark. Samples 458 

were then acidified with 12-21% aqueous phosphoric acid prior to digestion with Trypsin/Lys-C (Promega) and 459 

then added immediately to an S-Trap column (Protifi) loaded with S-Trap binding buffer (90% MeOH and 460 

100mM TEAB). Following an initial centrifugation at 4,000xg to trap the proteins, the column was washed with 461 

S-Trap Binding Buffer, and then either incubated overnight at 37oC or for 2 hours at 47oC in digestion buffer 462 

(Trypsin-LysC and 50mM TEAB) for complete protein digestion. After digestion, the column was rehydrated 463 

with 50mM TEAB, and digested peptides were eluted with 0.2% aqueous formic acid, and then a mixture of 464 

0.2% aqueous formic acid and 50% acetonitrile. Peptides eluted from the S-Trap were dried under vacuum and 465 

stored at –20oC until analysis. For analysis, each sample was resuspended in 0.1% TFA, a nanodrop reading 466 

was taken at UV280 to normalize loading.  NanoLC-MS/MS analysis of tryptic peptides was carried out with a 467 

Thermo Scientific Fusion Lumos tribrid mass spectrometer interfaced to a UltiMate3000 RSLCnano HPLC 468 
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system (Thermo Scientific). For each analysis, ~1 µg of the tryptic digest was loaded and desalted in an 469 

Acclaim PepMap 100 trapping column (75 µm, 2 cm) at 4 µL/min for 5 min. Peptides were then eluted into an 470 

Thermo Scientific Accalaim PepMap™ 100 column, (3 µm, 100 Å, 75 µm × 250 mm) and chromatographically 471 

separated using a binary solvent system consisting of A: 0.1% formic acid and B: 0.1% formic acid and 80% 472 

acetonitrile at a flow rate of 300 nL/min. A gradient was run from 5% B to 37.5%B over 60 minutes, followed by 473 

a 5-minute wash step with 90% B and 10-minute equilibration at 5% B before the next sample was injected. 474 

The orbitrap Lumos mass spectrometer operated in unscheduled Parallel Reaction Monitor (PRM) mode. 475 

Precursor masses were detected in the Orbitrap at R=120,000 (m/z 200). Charge state with the strongest 476 

signal of each ubiquitylated ubiquitin peptide was added to the target list. Isolation window was 1.2 m/z. 477 

MS/MS spectra were acquired in the orbitrap with R= 30,000 (m/z 200), with AGC target 500%. Collision 478 

energy was 28%. Data was processed using Skyline (MacLean et al, 2010) for quantification. Peak detection 479 

and integration were manually validated for each peptide before quantification results were exported to Excel.  480 

 481 

Quantitative Real-Time PCR 482 

Total RNA from 5-10x105 cells was extracted using Quick-RNA MiniPrep Plus kit (Zymo Research) 483 

followed by reverse transcription using High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher 484 

Scientific). Equal amounts of cDNA and corresponding primers were used for qPCR using SYBR Green Master 485 

Mix (Thermo Fisher Scientific) and a CFX384 real-time system/C100 Touch Thermal Cycler (Bio-Rad). For 486 

each biological sample, the Ct value of the gene interested was normalized against the b-actin Ct to calculate 487 

ΔCt. Each ΔCt was normalized to the average ΔCt of untreated samples to generate the ΔΔCt value. Relative 488 

gene expression was then analyzed using the 2-ΔΔCt formula and plotted in figures (Livak & Schmittgen, 2001). 489 

Details for PCR primers can be found in Supplemental File 1.  490 

 491 

Statistics  492 

For quantitative RT-PCR, one way or 2-way ANOVA was performed on the 2-ΔΔCt values with a Tukey’s 493 

multiple comparisons test. Statistical analyses were performed using Prism (GraphPad). 494 

 495 

 496 
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 653 

 654 
Figure Legends 655 

 656 

Figure 1. STING activation induces M1 and K63 ubiquitin chain formation. 657 

A) Representative Airyscan-processed confocal images of Wild-type (WT) HeLa cells stably expressing BFP-658 

P2A-STING (HeLaSTING) and mEGFP-LC3B (green) treated with 60 µg/mL of cGAMP for 8 hours prior to PFA-659 

fixation and immunostaining with antibodies raised against mono- and poly-ubiquitin chains (Ub; magenta) and 660 

STING (cyan). Scale bar = 10 µm, and 2 µm (inset). Imaging was replicated in >3 independent experiments. 661 

B) Quantification of the percentage (%) of cells positive for mEGFP-LC3B foci and immunostained Ub foci (left 662 

panel), and the percentage (%) of mEGFP-LC3B foci with overlapping immunolabeled signal for Ub, STING, or 663 

both (right panel) from experiments represented in Fig. EV1A, and similar conditions to Fig. 1A. Error bars 664 

represent +/- s.d. from 3 replicates analyzed in the same experiment. Imaging was replicated in 3 independent 665 

experiments. 666 

C-F) Representative immunoblots of indicated proteins detected in HeLaSTING cell lysates prepared after 667 

treatment with 120 µg/mL cGAMP for 8 hours. Immunoblotting was replicated in 3 independent experiments.  668 

G) Quantification of immunoblots in (D-F). Values represent relative intensity of cGAMP treated to untreated 669 

lanes. Error bars represent mean +/- s.d. of three independent experiments.  670 

H) Quantification of ubiquitin-GG linked peptides from lysate (left) and Pan-TUBE (Tandem-Ubiquitin Binding 671 

Entities) enriched samples (right) identified by targeted LC-MS/MS. HeLaSTING cells stably expressing mEGFP-672 
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LC3B were treated with 120 µg/mL of cGAMP for 8 hours prior to cell lysis, Pan-TUBE enrichment, and LC-673 

MS/MS analysis. Mass spectrometry data from cell lysates are from 2 independent experiments with 3-5 674 

technical replicates each. Pan-TUBE enrichment was performed in technical triplicate from one of the same 675 

cell lysates analyzed in the left panel. Values represent relative amount of peptides detected in cGAMP treated 676 

cells over untreated cells. Error bars represent +/- s.d. from replicates described above. 677 

I) Representative Airyscan-processed confocal images of HeLaSTING; mEGFP-LC3B (green) cells treated with 678 

100 µM Monensin for 1 hour prior to PFA-fixation and immunostaining with antibodies raised against mono- 679 

and poly-ubiquitin chains (Ub; magenta). Scale bar = 10 µm, and 2 µm (inset). Imaging was replicated in 2 680 

independent experiments. 681 

J-K) Representative immunoblots for indicated linkage specific ubiquitin chains in HeLaSTING cell lysates 682 

prepared after treatment with 100 µM Monensin for 1 hour. Immunoblotting was replicated in 3 independent 683 

experiments. 684 

L) Quantification of immunoblots in (J-K). Values represent relative intensity of Monensin treated to untreated 685 

lanes. Error bars represent mean +/- s.d. of three independent experiments.  686 

 687 

Expanded View 1.  688 

A) Representative spinning disk confocal images of HeLaSTING; mEGFP-LC3B (green) cells treated with 120 689 

µg/mL of cGAMP for 8 hours prior to PFA-fixation and immunostaining for mono- and poly-ubiquitin chains (Ub; 690 

magenta), and STING (cyan). Scale bar = 20 µm. Corresponding to quantification in Fig. 1B.  691 

B) Representative spinning disk confocal images of HeLaSTING; mEGFP-LC3B (green) cells treated with 1 µM 692 

diABZI for 4 hours prior to PFA-fixation and immunostaining for mono- and poly-ubiquitin chains (Ub; 693 

magenta), and STING (cyan). Scale bar = 20 µm. Corresponding to quantification in Fig. EV1C. 694 

C) Quantification of the percentage (%) of cells positive for mEGFP-LC3B foci and immunostained Ub foci (left 695 

panel), and the percentage (%) of mEGFP-LC3B foci with overlapping immunolabeled signal for Ub, STING, or 696 

both (right panel) from experiments represented in Fig. EV1B. Error bars represent +/- s.d. from 3 replicates 697 

analyzed in the same experiment. Imaging was replicated in 3 independent experiments. 698 
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D-E) Representative spinning disk confocal images of HeLaSTING; mEGFP-LC3B cells treated with 120 µg/mL 699 

of cGAMP for 8 hours prior to PFA-fixation and immunostaining for K48- and K63-ubiquitin chains. Scale bar = 700 

20 µm. 701 

F) Quantification of the percentage (%) of mEGFP-LC3B foci with overlapping signal for immunolabeled K48- 702 

and K63-ubiquitin chain from experiments represented in Fig. EV1D-E. Error bars represent +/- s.d. from 3 703 

replicates analyzed in the same experiment. Imaging was replicated in 3 independent experiments. 704 

G) Pearson’s correlation coefficient of mScarletI-LC3B and Vx3-EGFP over time in the live imaging experiment 705 

represented in Movie 1. FRT/TREX HeLa cells stably expressing FRT/TO-DD-Vx3-EGFP, BFP-P2A-STING, 706 

and mScarletI-LC3B were incubated with 1 µg/mL Doxycycline and 500 nM Shield1 for 24 hours prior to 707 

treatment with either 120 µg/mL cGAMP or 1 µM diABZI and imaging every 30 minutes for 12 hours on a 708 

spinning disk confocal microscope. Error bars represent +/- s.d. from 3 replicates analyzed in the same 709 

experiment. Imaging was replicated in 3 independent experiments. 710 

 711 

Figure 2. HOIP mediates STING activation induced M1 ubiquitin chain formation. 712 

A) Representative Airyscan-processed confocal images of HeLaSTING cells stably expressing mScarletI-LC3B 713 

(magenta) and mEGFP-HOIP (green) treated with 120 µg/mL of cGAMP for 8 hours prior to saponin extraction 714 

and PFA-fixation. Scale bar = 10 µm, and 2 µm (inset). Imaging was replicated in 3 independent experiments. 715 

Representative images from non-saponin extracted cells are in Fig. EV2A.  716 

B) Quantification of the percentage (%) of mEGFP-LC3B foci with overlapping immunolabeled signal for HOIP, 717 

or HOIP and STING, from experiments represented in Fig. EV2B, and corresponding conditions to Fig. 2A. 718 

Error bars represent +/- s.d. from 3 replicates analyzed in the same experiment. Imaging was replicated in 3 719 

independent experiments. Representative images are in Fig. EV2B. 720 

C) Representative immunoblots of indicated proteins detected in HeLaSTING cell lysates from WT, HOIPKO, and 721 

HOIPKO stably expressing untagged HOIP prepared following treatment with 120 µg/mL cGAMP for 8 hours. 722 

Immunoblotting was replicated in 3 independent experiments. 723 

D) Quantification of M1-Ub in (C). Values represent relative intensity of corresponding lanes to WT untreated 724 

lanes. Error bars represent mean +/- s.d. of three independent experiments.  725 
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E) Representative immunoblots of indicated proteins detected in THP1 cell lysates from WT, HOIPKOpool, and 726 

HOIPKOpool stably expressing untagged HOIP prepared following treatment with 1 µM diABZI for 4 hours. 727 

Immunoblotting was replicated in 3 independent experiments. 728 

F) Quantification of M1-Ub in (E). Values represent relative intensity of corresponding lanes to WT untreated 729 

lanes. Error bars represent mean +/- s.d. of three independent experiments.  730 

G) Representative immunoblots of indicated proteins detected in THP1 cell lysates from WT and HOIPKOpool 731 

cells prepared following treatment with 1 µM diABZI for 1, 2, 4, and 8 hours. Immunoblotting was replicated in 732 

3 independent experiments. 733 

H) Representative immunoblots of indicated proteins detected in iBMDM cell lysates from shCtrl and shHOIP 734 

cells prepared following treatment with 0.2 µM diABZI for 1, 2, and 4 hours. Immunoblotting was replicated in 3 735 

independent experiments. 736 

I) Quantification of M1-Ub in (H). Values represent relative intensity of corresponding lanes to untreated lanes 737 

per cell line. Error bars represent mean +/- s.d. of three independent experiments.  738 

 739 

Expanded View 2.  740 

A) Representative Airyscan-processed confocal images of HeLaSTING cells stably expressing mScarletI-LC3B 741 

and mEGFP-HOIP treated with 120 µg/mL of cGAMP for 8 hours with no saponin extraction prior to PFA-742 

fixation. Scale bar = 10 µm. Corresponding to representative images in Fig. 2A. Imaging was replicated in 3 743 

independent experiments.  744 

B) Representative spinning disk confocal images of HeLaSTING; mEGFP-HOIP (green); mScarletI-LC3B 745 

(magenta) cells treated with 120 µg/mL of cGAMP for 8 hours prior to prior to saponin extraction and PFA-746 

fixation. Scale bar = 20 µm. Corresponding to quantification in Fig. 2B. 747 

C-D) Representative immunoblots of indicated proteins detected in cell lysates from HeLaSTING WT and 748 

HOIPKO cells (C) or HeLaSTING and HeLaSTING stably expressing mEGFP-OTULIN (D) prepared following 749 

treatment with 120 µg/mL cGAMP for 8 hours. Immunoblotting was replicated in 3 independent experiments. 750 

E-F) Representative immunoblots of indicated proteins detected in HeLaSTING cell lysates from WT and 751 

HOIPKO cells prepared following treatment with 120 µg/mL cGAMP (E) or 1 µM diABZI (F) for 1, 2, 4, and 8 752 

hours. Immunoblotting was replicated in 3 independent experiments. 753 
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 30 

G) Representative immunoblots of endogenous STING detected in cell lysates from WT and HOIPKO HeLa 754 

cells without stable overexpression of STING. Cells were treated with 15 µg/mL cGAMP for 8 hours. 755 

Immunoblotting was replicated in 3 independent experiments. 756 

H) Representative immunoblots of indicated proteins detected in THP1 cell lysates from WT and HOIPKOpool 757 

cells prepared following treatment with 120 µg/mL cGAMP for 1, 2, 4, and 8 hours. Immunoblotting was 758 

replicated in 3 independent experiments. 759 

 760 

Figure 3. Loss of STING-mediated VAIL disrupts the perinuclear localization of ubiquitin and HOIP, but 761 

not M1-Ub chain formation.  762 

A) Representative immunoblots of indicated proteins detected lysates from HeLaSTING WT and HeLaSTING with 763 

stable overexpression of mEGFP-SopF prepared after treatment with 120 µg/mL cGAMP for 8 hours. 764 

Immunoblotting was replicated in 3 independent experiments. 765 

B) Quantification of M1-Ub in (A). Values represent relative intensity of lanes to WT cGAMP-treated lanes. 766 

Error bars represent mean +/- s.d. of three independent experiments.  767 

C) Representative Airyscan-processed confocal images of WT HeLaSTING cells stably expressing mScarletI-768 

LC3B alone or with stable expression of mEGFP-SopF treated with 120 µg/mL of cGAMP for 8 hours prior to 769 

PFA-fixation and immunostaining with antibodies raised against mono- and poly-ubiquitin chains (Ub). Scale 770 

bar = 20 µm. Imaging was replicated in 3 independent experiments. 771 

D) Representative immunoblots of indicated proteins detected lysates from HeLaSTING WT and ATG16L1KO 772 

cells prepared after treatment with 120 µg/mL cGAMP for 8 hours. Immunoblotting was replicated in 3 773 

independent experiments. 774 

E) Quantification of M1-Ub in (D). Values represent relative intensity of lanes to WT cGAMP-treated lanes. 775 

Error bars represent mean +/- s.d. of three independent experiments.  776 

F) Representative spinning disk confocal images of HeLaSTING; mEGFP-HOIP (green); mScarletI-LC3B 777 

(orange) cells treated with 120 µg/mL of cGAMP for 8 hours prior to prior to saponin extraction, PFA-fixation 778 

and immunostaining for ubiquitin (Ub; magenta). Scale bar = 20 µm. 779 
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 31 

G) Quantification and distribution of the number and size of HOIP (top) and Ubiquitin punctae (bottom) in the 780 

experiment represented in (F). Large ‘punctae’ can be interpreted as ‘foci’. Imaging was replicated in 3 781 

independent experiments. 782 

 783 

Expanded View 3.  784 

A) Representative Airyscan-processed confocal images of HeLaSTING and HeLaSTING cells with stable 785 

overexpression of mEGFP-LC3B (green) treated with 120 µg/mL of cGAMP for 8 hours prior to PFA-fixation 786 

and immunostaining with antibodies raised against mono- and poly-ubiquitin chains (Ub; magenta) and STING 787 

(cyan). Scale bar = 20 µm, and 2 µm (inset). Imaging was replicated in 2 independent experiments. 788 

B) Representative immunoblots of indicated proteins detected lysates from HeLaSTING WT and HeLaSTING with 789 

stable overexpression of mEGFP-LC3B prepared after treatment with 120 µg/mL cGAMP for 8 hours. 790 

Immunoblotting was replicated in 3 independent experiments. 791 

C) Representative immunoblots of indicated proteins detected in HeLaSTING cell lysates prepared after 792 

treatment with either DMSO, 10 µM C53, 1 µM diABZI, or both C53 and diABZI for 4 hours. Immunoblotting 793 

was replicated in 3 independent experiments. 794 

D-E) Representative spinning disk confocal images of FRT/TREX HeLa cells stably expressing FRT/TO-DD-795 

Vx3-EGFP, BFP-P2A-STING, and mScarletI-LC3B at the 6-hour timepoint following treatment (D) and 796 

quantification of the percentage (%) of cells positive for Vx3-EGFP foci over time (E). Cells were incubated with 797 

1 µg/mL Doxycycline and 500 nM Shield1 for 24 hours prior to treatment with either DMSO, 10 µM C53, 1 µM 798 

diABZI, or both C53 and diABZI, and imaging every 30 minutes for 12 hours on a spinning disk confocal 799 

microscope. Scale bar = 50 µm. Quantification is from 3 wells analyzed in the same experiment. Imaging was 800 

replicated in 2 independent experiments. 801 

 802 

Figure 4. M1 ubiquitin chains stimulate STING-mediated NFkB-related immune signaling. 803 

A) Representative immunoblots of indicated proteins detected in THP1 cell lysates from WT and HOIPKOpool 804 

cells prepared following treatment with 1 µM diABZI for 1, 2, 4, and 8 hours. Immunoblotting was replicated in 805 

3 independent experiments. 806 
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B) Quantification of pIkBaS32 in (A). Values represent relative intensity of corresponding bands to untreated 807 

bands per cell line. Replicates for each condition from 2 independent experiments are shown.  808 

C) Quantification of pIkBaS32 in (D). Values represent relative intensity of bands to WT treated bands. Error 809 

bars represent mean +/- s.d. of three independent experiments. 810 

D) Representative immunoblots of indicated proteins detected in THP1 cell lysates from WT, HOIPKOpool, and 811 

HOIPKOpool stably expressing untagged HOIP prepared following treatment with 1 µM diABZI for 4 hours. 812 

Immunoblotting was replicated in 3 independent experiments. 813 

E-F) Relative expression changes of indicated NFkB- (E) and IRF3/interferon-related (F) genes detected by 814 

quantitative RT-PCR in WT and HOIPKOpool THP1 cells treated with 1 µM diABZI for 1, 2, 4, and 8 hours. 815 

Quantification of relative expression is from 3 independent experiments analyzed at the same time. A 2-way 816 

ANOVA with a Tukey’s multiple comparisons test was performed on 2-ΔΔCt values. Error bars represent s.d. 817 

*<0.05, **<0.01, ***<0.001, ****<0.0001. 818 

G-H) Relative expression changes of indicated NFkB- (G) and IRF3/interferon-related (H) genes detected by 819 

quantitative RT-PCR in THP1 WT, HOIPKOpool, and HOIPKOpool stably expressing untagged HOIP cells treated 820 

with 1 µM diABZI for 4 hours. Quantification of relative expression is from 4 independent experiments analyzed 821 

at the same time. A 2-way ANOVA with a Tukey’s multiple comparisons test was performed on 2-ΔΔCt values. 822 

Error bars represent s.d. *<0.05, **<0.01, ***<0.001, ****<0.0001. 823 

 824 

Expanded View 4.  825 

A) Representative immunoblots of indicated proteins detected in THP1 cell lysates from WT and HOIPKOpool 826 

cells prepared following treatment with 120 µg/mL cGAMP for 1, 2, 4, and 8 hours. Immunoblotting was 827 

replicated in 3 independent experiments. 828 

B-C) Relative expression changes of indicated NFkB- (B) and IRF3/interferon-related (C) genes detected by 829 

quantitative RT-PCR in WT and HOIPKOpool THP1 cells treated with 120 µg/mL cGAMP for 1, 2, 4, and 8 830 

hours. Quantification of relative expression is from 3 independent experiments analyzed at the same time. A 2-831 

way ANOVA with a Tukey’s multiple comparisons test was performed on 2-ΔΔCt values. Error bars represent s.d. 832 

*<0.05, **<0.01, ***<0.001, ****<0.0001. 833 
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D-E) Relative expression changes of indicated NFkB- (D) and IRF3/interferon-related (E) genes detected by 834 

quantitative RT-PCR in WT and shCtrl and shHOIP iBMDM cells treated with 0.2 µM diABZI for 1, 2, and 4 835 

hours. Quantification of relative expression is from 3 independent experiments analyzed at the same time. A 2-836 

way ANOVA with a Tukey’s multiple comparisons test was performed on 2-ΔΔCt values. Error bars represent s.d. 837 

*<0.05, **<0.01, ***<0.001, ****<0.0001. 838 

 839 

Figure 5. LC3B lipidation is not required for STING-mediated innate immune responses. 840 

A) Representative immunoblots of indicated proteins detected in THP1 cell lysates from WT and ATG16L1KO 841 

cells prepared following treatment with 1 µM diABZI for 1, 2, and 4 hours. Immunoblotting was replicated in 3 842 

independent experiments. 843 

B-C) Relative expression changes of indicated NFkB- (B) and IRF3/interferon-related (C) genes detected by 844 

quantitative RT-PCR in WT and ATG16L1KO THP1 cells treated with 1 µM diABZI for 2, 4, 6, and 8 hours. 845 

Quantification of relative expression is from 3 independent experiments analyzed at the same time. A 2-way 846 

ANOVA with a Tukey’s multiple comparisons test was performed on 2-ΔΔCt values. Error bars represent s.d. 847 

*<0.05, **<0.01, ***<0.001, ****<0.0001. 848 

 849 

Expanded View 5. 850 

A) Representative immunoblots of indicated proteins detected in THP1 cell lysates from WT and ATG16L1KO 851 

cells prepared following treatment with 1 µM diABZI for 1, 2, and 4 hours. Immunoblotting was replicated in 3 852 

independent experiments. 853 

B) Representative immunoblots of indicated proteins detected in lysates from WT THP1 cells prepared 854 

following treatment with either DMSO, 10 µM C53, 1 µM diABZI, or both C53 and diABZI for 4 hours. 855 

Immunoblotting was replicated in 3 independent experiments.  856 

C-D) Relative expression changes of indicated NFkB-related genes (C) and interferon-related genes (D) 857 

detected by quantitative RT-PCR in THP1 cells treated with DMSO, 10 µM C53, 1 µM diABZI, or both C53 and 858 

diABZI for 4 hours. Quantification of relative expression is from 4 independent experiments analyzed at the 859 

same time. A one-way ANOVA with a Tukey’s multiple comparisons test was performed on 2-ΔΔCt values. Error 860 

bars represent Standard Deviation. *<0.05, **<0.01, ***<0.001, ****<0.0001. 861 
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 862 

Movie 1.  863 

Representative spinning disk confocal movie of FRT/TREX HeLa cells stably expressing FRT/TO-DD-Vx3-864 

EGFP, BFP-P2A-STING, and mScarletI-LC3B. Cells were incubated with 1 µg/mL Doxycycline and 500 nM 865 

Shield1 for 24h prior to treatment with 120 µg/mL cGAMP and imaging every 30 minutes for 12 hours on a 866 

spinning disk confocal microscope. Scale bar = 25 µm. 867 

 868 

 869 

 870 
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Figure 4
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Expanded Figure 4
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Figure 5
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Expanded Figure 5
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Appendix Figure S1
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Appendix Figure S1.  

A-B) Representative immunoblots of indicated proteins detected in WT and HOIPKO HeLa cell lysates 

prepared following treatment with 120 µg/mL cGAMP (A) or 1 µM diABZI (B) for 1, 2, 4, and 8 hours. 

Immunoblotting was replicated in 3 independent experiments. 

C) Representative immunoblots of indicated proteins detected in lysates from HeLaSTING and HeLaSTING cells 

with stable overexpression of mEGFP-OTULIN prepared following treatment with 120 µg/mL cGAMP for 8 

hours. Immunoblotting was replicated in 3 independent experiments. 

D-E) Relative expression of indicated NFkB-related genes (D) and IRF3/interferon-related genes (E) detected 

by quantitative RT-PCR in HeLaSTING: WT, HOIPKO, and HOIPKO stably expressing mEGFP-HOIP cells 

treated with 120 µg/mL cGAMP for 8 hours. Quantification of relative expression is from 3 independent 

experiments analyzed at the same time. A 2-way ANOVA with a Tukey’s multiple comparisons test was 

performed on 2-ΔΔCt values. Error bars represent Standard Deviation. *<0.05, **<0.01, ***<0.001, ****<0.0001F) 

Relative expression of indicated NFkB-related genes detected by quantitative RT-PCR in HeLaSTING 

WT,HOIPKO, and HOIPKO stably expressing mEGFP-HOIP cells treated with 10 ng/mL TNFa for 30 minutes. 

Quantification of relative expression is from 3 independent experiments analyzed at the same time. A 2-way 

ANOVA with a Tukey’s multiple comparisons test was performed on 2-ΔΔCt values. Error bars represent 

Standard Deviation. *<0.05, **<0.01, ***<0.001, ****<0.0001. 

F) Relative expression of indicated NFkB-related genes detected by quantitative RT-PCR in HeLaSTING: WT, 

HOIPKO, and HOIPKO stably expressing mEGFP-HOIP cells treated with 10 ng/mL TNFa for 30 minutes. 

Quantification of relative expression is from 3 independent experiments analyzed at the same time. A 2-way 

ANOVA with a Tukey’s multiple comparisons test was performed on 2-ΔΔCt values. Error bars represent 

Standard Deviation. *<0.05, **<0.01, ***<0.001, ****<0.0001. 

G-H) Relative expression of indicated NFkB-related genes (G) and interferon-related genes (H) detected by 

quantitative RT-PCR in WT HeLaSTING and WT HeLaSTING cells stably overexpressing mEGFP-OTULIN treated 

with 120 µg/mL cGAMP for 8 hours. Quantification of relative expression is from 3 independent experiments 

analyzed at the same time. A 2-way ANOVA with a Tukey’s multiple comparisons test was performed on 2-ΔΔCt 

values. Error bars represent Standard Deviation.  *<0.05, **<0.01, ***<0.001, ****<0.0001. 
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I) Relative expression of indicated NFkB-related genes detected by quantitative RT-PCR in HeLaSTING and 

HeLaSTING cells with stable overexpression of mEGFP-OTULIN treated with 10 ng/mL TNFa for 30 minutes. 

Quantification of relative expression is from 3 independent experiments analyzed at the same time. A 2-way 

ANOVA with a Tukey’s multiple comparisons test was performed on 2-ΔΔCt values. Error bars represent 

Standard Deviation. *<0.05, **<0.01, ***<0.001, ****<0.0001. 
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Appendix Figure S2
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Appendix Figure S2.  
Schematic of MATLAB workflow for image analysis.  
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