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MARCHS5 promotes STING pathway activation by
suppressing polymer formation of oxidized STING
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Abstract

Stimulator of interferon genes (STING) is a core DNA sensing adap-
tor in innate immune signaling. STING activity is regulated by a
variety of post-translational modifications (PTMs), including phos-
phorylation, ubiquitination, sumoylation, palmitoylation, and oxi-
dation, as well as the balance between active and inactive polymer
formation. It remains unclear, though, how different PTMs and
higher order structures cooperate to regulate STING activity. Here,
we report that the mitochondrial ubiquitin ligase MARCH5 (Mem-
brane Associated Ring-CH-type Finger 5, also known as MITOL)
ubiquitinates STING and enhances its activation. A long-term
MARCHS deficiency, in contrast, leads to the production of reactive
oxygen species, which then facilitate the formation of inactive
STING polymers by oxidizing mouse STING cysteine 205. We show
that MARCHS5-mediated ubiquitination of STING prevents the
oxidation-induced STING polymer formation. Our findings highlight
that MARCHS balances STING ubiquitination and polymer forma-
tion and its control of STING activation is contingent on oxidative
conditions.
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Introduction

STING (stimulator of IFN genes, which is also known as TMEM173,
MITA, MPYS, and ERIS) is an intracellular DNA sensing adaptor pro-
tein (Ishikawa & Barber, 2008; Zhong et al, 2008; Sun et al, 2009).
STING has four transmembrane domains and is anchored as a dimer
in the membrane of the endoplasmic reticulum (ER). STING binds
cyclic GMP-AMP (cGAMP), which is the product of cGAS (cGAMP
synthase) that recognizes intracellular DNA (Ablasser et al, 2013;
Sun et al, 2013). Bacterial second messengers, cyclic di-nucleotides
such as c-di-GMP and c-di-AMP, and synthetic chemicals
5,6-dimethylxanthenone-4-acetic acid (DMXAA), 10-carboxymethyl-

9-acridanone (CMA), and dimeric amidobenzimidazole (diABZI) can
also activate STING (Barber, 2014; Decout et al, 2021). Upon ligand
binding, STING undergoes conformational changes (Ouyang
etal, 2012; Shang et al, 2012; Shu et al, 2012; Yin et al, 2012), includ-
ing an inward re-positioning of the ligand-binding domains (LBD)
that seals the “lid” to ligand access (Huang et al, 2012; Gao
et al, 2013; Zhang et al, 2013; Kranzusch et al, 2015) and a transloca-
tion of STING from the ER to the Golgi or perinuclear region
(Ishikawa et al, 2009; Saitoh et al, 2009; Huang et al, 2012; Ouyang
et al, 2012; Shang et al, 2012; Shu et al, 2012; Yin et al, 2012; Dobbs
et al, 2015). Recently, cryo-electron microscopy (cryo-EM) analyses
of STING revealed that cGAMP binding induces rotation of its LBDs
and triggers its high-order oligomerization in a side-by-side arrange-
ment of STING dimers (Ergun et al, 2019; Shang et al, 2019; Zhang
et al, 2019). STING oligomers function as a scaffold for the recruit-
ment of TANK-binding kinase 1 (TBK1). TBK1 then phosphorylates
STING at serine 366. The resulting phosphorylated STING recruits
interferon regulatory factor 3 (IRF3), leading to its phosphorylation.
Phosphorylated, active IRF3 then induces type-I interferon (IFN)
(Tanaka & Chen, 2012; Liu et al, 2015).

STING activity is regulated via a wide variety of post-translational
modifications (PTMs). While phosphorylation of STING at serine
366 by TBKI1 activates STING signaling (Liu et al, 2015), phosphory-
lation of the same residue by UNC51-like kinase-1 (ULK1) induces
STING degradation (Konno et al, 2013). Numerous E3 ligases control
STING function via various types of STING ubiquitination. For
example, TRIM32 and TRIMS56 interact with STING and ubiquitinate
it via K63-linked ubiquitination, which facilitates STING dimeriza-
tion and TBK1 activation (Tsuchida et al, 2010; Zhang et al, 2012).
AMFR and INSIG facilitate TBK1 recruitment and activation via K27-
linked polyubiquitination of STING (Wang et al, 2014). MULL1, a
mitochondria-localized E3 ligase, regulates STING activity via K63-
linked ubiquitination (Ni et al, 2017). In contrast, RNF5, TRIM29,
and TRIM30o reduce STING activation by promoting its degradation
via K48-linked ubiquitination (Zhong et al, 2009; Wang et al, 2015;
Xing et al, 2017). There are also several deubiquitinases that regulate
STING activation. CYLD stabilizes STING and enhances antiviral
responses by removing K48-linked polyubiquitin chains from STING
(Zhang et al, 2018). USP20, which is recruited by USP18, also pre-
vents STING degradation by deconjugating K48-linked polyubiquitin
chains from STING (Zhang et al, 2016). Similarly, USP49 inhibits
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STING oligomerization and TBK1 recruitment by removing K63-
linked polyubiquitin chains from STING (Ye et al, 2019). Recently,
palmitoylation of STING at cysteines 88 and 91 was found to be
essential for STING oligomerization in the Golgi (Mukai et al, 2016).
STING sumoylation at lysine 337 by TRIM38 promotes STING stabil-
ity and activation, which is subsequently terminated when Senp2
catalyzes the desumoylation of STING (Hu et al, 2016). Finally, sev-
eral groups reported that reactive oxygen species (ROS) could sup-
press STING activity by its oxidation (Jin et al, 2010; Tao et al, 2020;
Zamorano Cuervo et al, 2021). The sheer number of STING PTMs
implies a contextual and combinatorial fine-tuning of STING activity,
but little is known about the relationships between the various
STING PTMs.

Mitochondria are essential for not only regulating intracellular
energy supply, metabolism, and apoptosis, but also as a signaling
platform in innate immunity. Recently, we reported that mitochon-
drial dynamics are also critical regulators of STING signaling (Kwon
et al, 2017a, 2017b, 2018). The mitochondrial fusion mediator
MFN1 enhances STING pathway activation (Kwon et al, 2017a),
whereas mitochondrial fission induced by the proton gradient
disruptor CCCP or by the NLRP3 agonists ATP and nigericin inhibits
STING pathway activation (Kwon et al, 2017b, 2018). Furthermore,
mitochondria-associated ER membranes (MAMs), which are sec-
tions of mitochondrial membrane in close enough proximity to ER
membranes to allow chemical exchange (Missiroli et al, 2018), can
act as a hub for innate immune signaling (Weinberg et al, 2015).
RIG-I is recruited to MAMs to bind MAVS, which then enhances
IFN-B production (Horner et al, 2011). NLRP3 inflammasomes are
redistributed to MAMs after infection to induce inflammasome acti-
vation (Zhou et al, 2011; Subramanian et al, 2013). Intriguingly,
STING is also localized to MAMs (Ishikawa et al, 2009), but it
remains unclear whether MAMs regulate STING activation.

Membrane-associated RING-CH-type finger (MARCH) proteins
are E3 ubiquitin ligases that contain a C4HC3-type RING domain
and that regulate diverse biological processes. These include aspects
of immune responses, such as antigen presentation, cytokine signal-
ing, and innate immune signaling (Bauer et al, 2017; Lin et al, 2019;
Shiiba et al, 2020). MARCHS is the only MARCH family member
that is localized to mitochondria, specifically to the outer mitochon-
drial membrane (OMM). MARCHS reportedly inhibits mitochondrial
fission through the ubiquitination and degradation of mitochondrial
fission 1 (Fis1) (Yonashiro et al, 2006), dynamin-related protein 1
(DRP1) (Nakamura et al, 2006), and the DRP1 receptor Mid49 (Xu
et al, 2016). But, according to other reports, MARCHS enhances
mitochondrial fission (Karbowski et al, 2007; Park & Cho, 2012). In
addition to regulating mitochondrial dynamics, MARCHS regulates
MAM formation by ubiquitinating and activating MFN2 via K63-
linked polyubiquitination (Sugiura et al, 2013). Regarding its role in
antiviral response regulation, MARCHS enhances TLR7 signaling
(Shi et al, 2011) and suppresses RIG-I-like receptor (RLR)
signaling (Yoo et al, 2015). Still, MARCHS5’s role in the regulation of
STING signaling remains unknown.

Here, we provide genetic and molecular evidence that MARCHS
suppresses ROS-mediated inhibition of STING signaling. We found a
long-term MARCHS deficiency increases intracellular ROS, which
leads to STING oxidation, inactive polymer formation, and inhibi-
tion. We also found MARCHS ubiquitinates STING and thereby pre-
vents the ROS-induced inactive STING polymer formation.
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Results
MARCH5 promotes STING-mediated type-I IFN production

We first examined the role of MARCHS in STING pathway activation
using a gain-of-function approach in which we co-transfected
HEK293T cell lines with human STING-encoding plasmids and dif-
ferent amounts of human MARCHS5-encoding plasmids. Addition-
ally, HaCaT (human keratinocyte) and MEF (mouse embryonic
fibroblast) cell lines were transfected with different amounts of plas-
mids encoding human and mouse MARCHS, respectively. We found
that in all cell lines, increasing amounts of MARCHS increased the
production of IFN-stimulated gene 56 (ISG56), a target gene of IRF3
(Fig 1A, D and E). Increased MARCHS also increased TBK1-
mediated S366 phosphorylation of STING (p-STING) (Fig 1B and C).
These results indicate that MARCHS is sufficient to enhance STING
pathway activation.

Next, we used MARCHS5-deficient MEFs to determine whether
MARCHS is required for STING-mediated type-I IFN production. We
measured ISG56 and IFN-f mRNA production after stimulating the
STING pathway by transfection with double-stranded (ds) DNA
plasmids and cGAMP or by treatment with the STING agonists
DMXAA and diABZI. We found March5~/~ MEFs produced signifi-
cantly less ISG56 and IFN-B than wild-type (WT) MEFs (Fig 1F-I).
These data suggest MARCHS is both sufficient and necessary for
inducing the STING-mediated type-I IFN response.

To verify that the defective STING pathway activation we
observed in March5™/~ MEFs is due to the absence of MARCHS5
rather than something else, we performed a series of MARCHS res-
cue experiments. First, we found that March5~’~ MEFs transduced
with a mouse March5-encoding virus produce more ISG56 in
response to DMXAA than untransduced March5~/~ MEFs (Fig 1J).
When we tested whether the function of MARCHS is conserved
between mice and humans, we found that MARCHS can promote
STING-mediated ISG56 production regardless of species of
MARCHS and STING (Fig EV1A). Because we noticed that human
MARCHS5 is more stably expressed than mouse MARCHS
(Fig EV1B), we generated a human MARCHS-expressing March5™/~
MEEF stable cell line and confirmed rescue of STING pathway acti-
vation by again measuring ligand-induced ISG56 production
(Fig 1K). These results demonstrate the role of MARCHS as a posi-
tive regulator of the STING pathway, which is conserved between
humans and mice.

MARCHS5 enhances STING phosphorylation but not translocation

To determine which step in the STING pathway is regulated by
MARCHS5, we measured IFN-B promoter activity in WT and
March5™/~ MEFs transfected with plasmids encoding various innate
immune signaling genes, as well as a construct encoding an IFN-$
luciferase reporter. While March5™/~ MEFs did show reduced
IFN-B induction compared to WT in response to STING transfection,
March5~/~ MEFs and WT MEFs showed similar responses to TBK1
transfection (Fig 2A). This epistasis analysis indicated that MARCH5
regulates either TBK1 or some other molecule upstream from it. As
previously reported (Seth et al, 2005), March5~/~ MEFs showed
greater IFN-B induction than WT in response to RIG-I or MAVS,
which are both essential in RNA-sensing innate immunity. These
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Figure 1. MARCHS5 acts as a positive regulator of STING-mediated type-l IFN production.

A HEK293T cells were co-transfected with a plasmid encoding Flag-tagged human STING (Flag-hSTING) and different amounts (0.1, 0.2, 0.4 pg) of those encoding
Myc-tagged human MARCHS5 (hMARCH5-Myc). —, control plasmid alone. After 24 h, the induction of ISG56 mMRNA was measured by RT-qPCR. Data are presented as

mean £ SEM (n = 3).

B HEK293T cells were co-transfected with a plasmid encoding Flag-tagged human STING (FLAG-hSTING) and different amounts (0.5, 1, 2, 4 ug) of those encoding Myc-
tagged human MARCHS5 (hMARCH5-Myc). —, control plasmid alone. After 24 h, cell lysates were resolved by SDS—PAGE. Total STING (Flag), phosphorylated STING
(p-STING), and hMARCHS5 (Myc) were detected by immunoblotting with the indicated antibodies.

C  Quantitation of the results of the three independent experiments that were representatively presented in (B). Phosphorylated STING (pSTING, normalized to total
STING) levels at different amount of hMARCH5 were quantified and presented as mean + SEM (n = 3).

D HaCaT cells were transfected with different amounts (0.2, 0.4, 0.8 pg) of a plasmid encoding Myc-tagged human MARCHS (hMARCH5-Myc). Mock, lipofectamine
alone; —, control plasmid alone. After 24 h, the induction of ISG56 mRNA was measured by RT-qPCR. Data are presented as mean + SD (n = 3).

E  WT MEFs were transfected with different amounts (0.1, 0.2, 0.4 pg) of a plasmid encoding Flag-tagged mouse MARCH5 (mMMARCH5-Flag). Mock, lipofectamine
alone; —, control plasmid alone. After 24 h, the induction of ISG56 mRNA was measured by RT-qPCR. Data are presented as mean + SEM (n = 4).

F-I Wild-type MEFs (WT) and March5~/~ MEFs were transfected with lipofectamine alone (Mock) (F and G), plasmid DNA (5 pg/ml) for 6 h (F), or transfected with
cGAMP (5 pg/ml) for 2 h (G), treated with DMSO (vehicle) or DMXAA (100 pg/ml) for 2 h (H), or treated with diABZI (10 uM) for 2 h (I). The induction of IFN-B and
ISG56 MRNAs was measured by RT-qPCR. Data are presented as mean + SD (n = 3).

J March5~/~ MEFs were transduced with mouse MARCH5 (MMARCHS5)-expressing viruses and treated with DMSO (vehicle) or DMXAA (100 pg/ml) for 2 h. The
induction of ISG56 mRNA was measured by RT-qPCR. Data are presented as mean + SEM (n = 3).

K WT MEFs, March5~'~ MEFs, and March5~/~ MEFs stably expressing hMARCHS (hMARCH5_March5~'~) were treated with DMSO (vehicle) or DMXAA (100 pg/ml) for
2 h, and the induction of ISG56 mMRNA was measured by RT-qPCR. Data are presented as mean & SD (n = 3).

Data information: The data are representative of at least two independent experiments. n, number of samples (biological replicates). Control vector was added to match
the total plasmid amount (A-E). Statistical significance was analyzed by one-way ANOVA (A, C—E) or two-way ANOVA (F—K). *P < 0.05, **P < 0.01, ***P < 0.001,

***kp < 0.0001.
Source data are available online for this figure.

data indicate that MARCHS regulates the DNA- and RNA-sensing
pathways differently.

Next, we used immunofluorescence to determine whether
MARCHS deficiency affects STING translocation, which occurs prior
to TBK1-mediated STING phosphorylation. We found both WT and
MarchS~/~ MEFs that stably express Myc-tagged mouse STING
showed similar levels of STING translocation to the Golgi, as visual-
ized with an antibody against the cis-Golgi marker GM130, and
measured by Pearson correlation coefficient for co-localization
between STING and GM130 (Fig 2B and C). This suggests MARCHS
does not control STING translocation.

We next examined the activation of molecules downstream of
STING over the course of 120 min following activation by DMXAA.
We found that MarchS~/~ MEFs showed reduced phosphorylation
of STING, TBK1, and IRF3 compared to WT MEFs (Fig 2D), indicat-
ing that MARCHS exerts its effect at the step immediately prior to
STING activation. The quantitation results confirmed that the levels
of pSTING and pIRF3 in MarchS~/~ MEFs were significantly lower
than those in WT MEFs (Fig 2E). Similarly, when we stimulated
human MARCHS5_MarchS~/~ MEFs stably expressing human
MARCHS with DMXAA, they showed similar STING, TBK1, and
IRF3 phosphorylation levels as WT MEFs (Fig 2F). The quantitation
results confirmed that the levels of pSTING and pIRF3 in MarchS~/~
MEFs were significantly lower than those in WT MEFs or human
MARCHS-rescued March5™/~ MEFs (Fig 2G). Collectively, these
results suggest MARCHS is a critical regulator of STING pathway
activation at the step of STING phosphorylation.

MARCHS interacts with STING at the ER

We then investigated whether and where MARCHS interacts with
STING to regulate STING signaling. When we overexpressed human
STING and human MARCHS in HEK293T cells and performed a co-
immunoprecipitation, we were able to confirm the interaction
between STING and MARCHS (Fig 3A). Interestingly, STING also
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interacted with the MARCHS5 CS (C65/68S) mutant in which the cys-
teine residues of its catalytic domain are replaced with serine,
blocking its E3 ubiquitin ligase activity (Fig 3A) (Yonashiro
et al, 2006). This indicates MARCHS5’s E3 ligase activity is not
required for its interaction with STING. Since STING overexpression
can trigger STING activation, our interaction data in Fig 3A do not
reveal whether STING and MARCHS interact before or after STING
activation. To determine which of these is the case, we generated
HeLa cells that stably express Myc-tagged human STING and Flag-
tagged wild-type human MARCHS. We then performed an in situ
proximity ligation assay (PLA) with each tag. Although we observed
significant levels of STING and MARCHS5 ligation at the ER, proba-
bly at the MAM, prior to stimulation, plasmid transfection triggered
a dramatic reduction in STING and MARCHS ligation (Fig 3B). This
indicates STING interacts with MARCHS at steady state and dissoci-
ates from MARCHS5 following activation.

To identify the domains responsible for the interaction between
MARCHS and STING, we generated various truncation mutants for
both STING and MARCHS and then subjected them to a series of co-
immunoprecipitation analyses. STING protein can be divided into
the N-terminus (NTD), which comprises four membrane-spanning
helices, and the C-terminus (CTD), which includes both a ligand
binding domain and a C-terminal tail (CTT) that binds TBK1 and
IRF3 upon ligand stimulation (Huang et al, 2012; Ouyang
et al, 2012; Shang et al, 2012; Shu et al, 2012; Yin et al, 2012). We
first examined the interaction between MARCHS and the STING
truncation mutants by co-immunoprecipitation. We found that
MARCHS interacts with full-length WT STING and all the STING
mutants (Fig 3C). Except the CTD mutant that is situated in the cyto-
sol, all the other STING forms are localized in the ER (Fig EV2A).
We measured the interaction between MARCHS and WT or mutant
STING in HEK293T cells by using a PLA assay. Our results demon-
strate there is no difference in the extent of interaction between
MARCHS and all the STING forms (Fig EV2A). This suggests multi-
ple points of contact in the interaction between MARCHS5 and

© 2023 The Authors
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Figure 2. MARCHS5 enhances STING phosphorylation.

Kyungpyo Son et al

A Luciferase assay of IFN-B promoter activation in wild-type MEFs (WT) and March5~'~ MEFs transfected with plasmids encoding STING, TBK1, a dominant positive
form of RIG-I (RIG-I DP), or MAVS for 24 h. Data are presented as mean £ SD (n = 3).

B, C Confocal micrographs showing the localization of STING in WT and March5

/-

MEFs after stimulation. Myc-tagged mSTING was reconstituted in MEFs by retrovi-

ral transduction. The cells were stimulated with DMSO (vehicle) or DMXAA (100 pg/ml) for 1 h and then STING, the cis-Golgi, and nuclei were visualized using
anti-Myc (green), anti-GM130 (red) antibodies, and DAPI, respectively. Merged images are shown below. Magnification, 630x. Scale bars: 10 um (B). Pearson correla-
tion coefficients for STING and GM130 co-localization visualized in (B) are shown. Data are presented as mean + SD (n = 50) (C).

D-G WT and March5~/~ MEFs (D and F) or March5~'= MEF cells stably expressing hMARCHS (hMARCHS5_March5~/~) (F) were stimulated with DMXAA (100 pg/ml) for
the indicated times. Cell lysates were resolved by SDS—PAGE, and total STING, phosphorylated STING (p-STING), phosphorylated TBK1 (p-TBK1), total TBK1, phos-
phorylated IRF3 (p-IRF3), total IRF3, and B-ACTIN (loading control) or MARCHS5 were detected via immunoblotting with the indicated antibodies. The black arrow
shows Flag-tagged hMARCHS expression (F). (E and G) Quantitation of the results of the three independent experiments that were representatively presented in
(D and F), respectively. Phosphorylated STING (pSTING, normalized to total STING) and phosphorylated IRF3 (pIRF3, normalized to total IRF3) levels at different time

points were quantified and presented as mean + SEM.

Data information: The data are representative of at least two independent experiments. n, number of samples (biological replicates). Statistical significance was analyzed
by unpaired two-tail Student’s t-test (A) or two-way ANOVA (C, E, G). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, n.s = not significant.

Source data are available online for this figure.

STING. We further investigated these points of contact by examin-
ing the various MARCHS truncation mutants. MARCHS is a trans-
membrane protein present mainly in the outer mitochondrial
membrane. It includes an N-terminal RING domain that functions as
an E3 ubiquitin ligase and four C-terminal transmembrane domains
(Sugiura et al, 2013). Given that STING and MARCHS are located in
different organelles, their interaction should occur in the cytosol.
Thus, we prepared MARCHS truncation mutants (ACytol, ACyto2,
ACyto3) lacking the regions exposed to the cytosol (Fig 3D). We
found that STING showed a similar level of interaction with these
MARCHS truncation mutants as with WT MARCHS (Fig 3D). Our
quantitative PLA analysis of the interaction between STING and
MARCHS truncation mutants showed that WT and all the truncation
mutant MARCHS interact STING equivalently (Fig EV2B). This sug-
gests a general cytosolic interaction between STING and MARCHS
that is robust to the loss of any individual cytosolic loop.

MARCHS5 mediates the K63-linked ubiquitination of STING

We next asked whether the E3 ligase activity of MARCHS is required
for the activation of STING-mediated type I IFN production. First,
we generated mSTING_March5~/~ MEFs that stably express mouse
STING. Then, we transfected them with a construct encoding
human MARCHS and stimulated the resulting cells with double-
stranded interferon stimulatory DNA (dsISD) (Stetson & Medz-
hitov, 2006). We found that IFN-B induction was restored in
response to dsISD in mSTING_March5™/~ MEFs expressing wild-
type MARCHS but not in the cells expressing a MARCHS CS (C65/
68S) mutant lacking its E3 ubiquitin ligase activity (Fig 4A). This
indicates that the E3 ligase activity of MARCHS is required for
STING-mediated type I IFN induction.

Next, we asked whether MARCHS mediates the ubiquitination of
STING. We co-transfected HEK293T cells with constructs encoding
HA-tagged full-length ubiquitin (HA-Ub), Flag-tagged mouse STING,
and Myc-tagged wild-type (WT) or C65/68S mutant (CS) hMARCHS.
Then, we performed an immunoprecipitation of STING using an
anti-Flag antibody and quantified ubiquitination in the immunopre-
cipitate. Not only did transfection of Ub increase STING ubiquitina-
tion, MARCHS increased it even further. However, the CS mutant
MARCHS did not exhibit the same increase as WT MARCHS
(Fig 4B), indicating that the catalytic activity of MARCHS is
necessary for STING ubiquitination. This function of MARCHS is
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conserved between mice and humans (Fig EV1B) as seen for STING-
induced ISG56 production (Fig EV1A). To exclude the possibility
that the ubiquitinated proteins were STING-associated proteins
rather than STING itself, we co-transfected HEK293T cells with con-
structs encoding Myc-tagged mSTING with or without HA-tagged
Ub, Flag-tagged hMARCHS, and then performed denaturation of cell
lysates by SDS and boiling prior to immunoprecipitation. This treat-
ment separates STING from any STING-associated proteins that
could be ubiquitinated by MARCHS. After quenching the denaturing
effects of SDS with excess lysis solution containing Triton X-100, we
immunoprecipitated STING using an anti-Myc antibody and ana-
lyzed its ubiquitination status via immunoblotting. Under these
denaturing conditions, we actually detected more ubiquitination
associated with the addition of MARCHS, verifying a direct conjuga-
tion of STING to Ub (Fig 4C).

Based on previous reports that STING undergoes various
ubiquitin-related modifications, we next asked which type of
ubiquitin chain is conjugated to STING by MARCHS. We did this by
quantifying STING ubiquitination in HEK293T cells co-transfected
with plasmids encoding HA-tagged wild-type, K63-type or K48-type
Ub, Myc-tagged human STING, and Flag-tagged human MARCHS.
Although the addition of MARCHS slightly increased K48-type
ubiquitination of STING, there was a larger increase in K63-linked
ubiquitination (Fig 4D). These results suggest MARCHS predomi-
nantly confers K63-linked ubiquitination of STING.

Next, we sought to determine the residue of STING that is subject
to MARCHS5-mediated ubiquitination. We generated the mSTING KR
mutants (K19R, K150/151R, K235R, K288R, K337R) by replacing the
lysine residues that are conserved between human and mouse with
arginine, and we then examined MARCHS5-mediated STING ubiquiti-
nation in those mutants. For the K150/151R mutant mSTING, we
mutated both the conserved K150 and its neighboring K151. Only
the K19R mutant mSTING displayed decreased ubiquitination com-
pared WT mSTING (Fig 4E), suggesting that the lysine 19 residue of
mSTING could be ubiquitinated by MARCHS.

ROS produced secondary to MARCHS5 deficiency induces STING
polymer formation

Previous studies showed that STING activation leads to the forma-

tion of protein complexes that can be resolved as monomers,
dimers, and higher molecular weight polymers. The higher
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molecular weight STING polymers are known to be formed via et al, 2019; Zhang et al, 2019; Tao et al, 2020; Zamorano Cuervo
intermolecular disulfide linkages (Ergun et al, 2019) and have been et al, 2021). The majority of the STING oligomers have been
referred to as oligomers, polymers, and aggregates (Jin et al, 2010; regarded as an active form (Tanaka & Chen, 2012; Li et al, 2015;
Tanaka & Chen, 2012; Li et al, 2015; Haag et al, 2018; Ergun Ergun et al, 2019) but ROS-induced inactive STING polymers have
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Figure 3. MARCHS interacts with STING at steady state in the ER.

Kyungpyo Son et al

A Flag-tagged hSTING (Flag-hSTING), Myc-tagged wild-type hMARCHS (WT hMARCH5-Myc), and Myc-tagged hMARCH5 C65/68S mutant (CS hMARCH5-Myc) were
expressed individually or together in HEK293T cells for 24 h. The cells were treated with MG132 (10 puM) for 24 h to prevent MARCHS degradation. Cell lysates were
immunoprecipitated with anti-Flag or anti-Myc antibodies and then subjected to SDS—PAGE and immunoblotting with the indicated antibodies.

B Hela cells stably expressing both Myc-tagged hSTING and Flag-tagged hMARCHS were stimulated by transfection of plasmid DNA (5 pg/ml) for 6 h. STING and
STING-MARCHS interactions were visualized by staining with an anti-Myc antibody (green) and in proximal ligation assays (PLA, red) using anti-Myc and anti-Flag
antibodies. Confocal micrographs are shown on the left. Magnification, 630x. Scale bars: 10 pm. Quantification of the PLA dots (n = 50) is shown in the right bar
graph. Each dot represents the number of PLA dots within a cell (right). Data are presented as mean + SD.

C, D A schematic diagram of STING (C) and MARCHS domains and topology (D). The numbers indicate hSTING and hMARCHS amino acid residue positions. (C) Plasmids
encoding Myc-tagged hMARCHS5 and Flag-tagged hSTING full-length (FL) or truncation mutants (CTD: 138-379 amino acids, ACTT: 1-339 amino acids, NTD: 1-138
amino acids) were co-transfected into HEK293T cells for 24 h, and the cells were treated with MG132 (10 uM) for 24 h. Cell lysates were immunoprecipitated with
an anti-Myc antibody and then subjected to SDS—PAGE and immunoblotting with the indicated antibodies. (D) Plasmids encoding Flag-tagged hSTING and Myc-
tagged hMARCHS FL or truncation mutants (ACytol: 68-278 amino acids, ACyto2: 1-160 and 208-278 amino acids, ACyto3: 1-259 amino acids) were co-
transfected into HEK293T cells for 24 h, and the cells were treated with MG132 (10 pM) for 24 h. Cell lysates were immunoprecipitated with an anti-Flag antibody
and then subjected to SDS—PAGE and immunoblotting with the indicated antibodies.

Data information: The data are representative of at least two independent experiments. n, number of samples (biological replicates). Statistical significance was analyzed

by unpaired two-tail Student’s t-test. ****p < 0.0001.
Source data are available online for this figure.

been reported and called as STING aggregates (Zamorano Cuervo
et al, 2021). However, the activation status does not correlate with
the structure of high molecular weight STING polymers. Several
methods, including native PAGE (Tanaka & Chen, 2012; Haag
et al, 2018; Ergun et al, 2019; Zhang et al, 2019), non-reducing SDS—
PAGE (Jin et al, 2010; Tao et al, 2020; Zamorano Cuervo
et al, 2021), and semi-denaturing detergent agarose gel electropho-
resis (SDD-AGE) (Li et al, 2015; Zamorano Cuervo et al, 2021) have
been used to analyze STING polymer structure, but none of these
methods clearly determined the activity of each polymeric structure.
To better understand how MARCHS alters STING activity, we ana-
lyzed the conformation of STING stimulated by DMXAA via non-
reducing SDS-PAGE with concentration titration (10, 25, 100 pg/
ml). Increasing concentrations of DMXAA induced the formation of
STING polymers of high molecular weight. Interestingly, we
observed more STING polymers in MarchS~/~ MEFs than WT MEFs
even without stimulation (Fig 5A). Since STING activity is impaired
in MarchS™/~ MEFs, we suspected that these high molecular weight
STING molecules were inactive STING polymers. A follow-up SDD-
AGE analysis confirmed increased formation of high molecular
weight STING polymers in March5™/~ MEFs compared to WT
(Fig 5B). Notably, these STING polymers and high molecular weight
forms of STING observed in non-reducing SDS-PAGE were reduced
to monomeric forms in reducing gel, indicating that STING dimers
and polymers are all formed through disulfide bonding (Fig 5B).
Altogether, these data confirm MARCHS5-deficient cell lines preferen-
tially produce disulfide-bonded STING polymers.

We wanted to understand what induces STING polymer forma-
tion in MarchS~/~ MEFs. Previous studies reported increased intra-
cellular ROS in cell lines lacking MARCHS5 (Park et al, 2010;
Nagashima et al, 2019). Two recent studies found that increased
intracellular ROS triggered STING oxidization, leading to inactive
STING polymer formation (Tao et al, 2020; Zamorano Cuervo
et al, 2021). Thus, we suspected that inactive STING polymers are
formed because of elevated levels of intracellular ROS in March5~/~
MEFs. Indeed, when we measured cellular ROS levels using 2/,7'-
dichlorodihydrofluorescein diacetate (DCFDA), we found that
MarchS™~ MEFs produce significantly more ROS than WT MEFs
(Fig 5C). These increased levels of intracellular ROS in MarchS™/~
MEFs could be quenched, however, by treatment with the
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antioxidant N-acetyl-cysteine (NAC). Next, we used the bio-switch
method to examine protein oxidation by quantifying the conjugation
of maleimide-(polyethylene glycol),-biotin (maleimide-PEG,-biotin)
to oxidized cysteine residues (Armstrong et al, 2011; Zamorano
Cuervo et al, 2021). When we subjected whole cell lysates from WT
and March5~/~ MEFs to maleimide-PEG,-biotin labeling, we found
increased protein oxidation in MarchS™/~ MEFs compared to WT
MEFs (Fig 5D). This is consistent with the higher ROS levels of
March5~/~ MEFs. Finally, we looked specifically at endogenous
STING and found more STING oxidation in MarchS~/~ MEFs than
WT (Fig 5E). These results are consistent with a model in which
March5~/~ MEFs produce increased ROS levels, which then trigger
STING oxidization and polymer formation.

To confirm that ROS trigger inactive STING polymer formation,
we treated March5~/~ MEFs with NAC to quench ROS and then
quantified both STING polymer formation and ISG56 production
upon DMXAA stimulation. Although NAC did reduce intracellular
ROS levels in March5~/~ MEFs, we did not see any reduction in
STING polymers or increase in ISG56 production (Fig EV3A and B).
We reasoned that existing ROS-triggered STING polymers might not
unfold upon ROS quenching and that such polymers would interfere
with the activity of newly synthesized STING. We therefore wanted
to examine the effect of ROS quenching only on nascent STING
molecules. Because STING is degraded after activation (Konno
et al, 2013), we first examined the timing of STING degradation and
recovery. We found that STING was almost completely degraded
after 8 h of treatment with DMXAA and only started to re-appear
18 h after DMXAA removal (Fig EV3C). We prevented oxidation of
nascent STING molecules using NAC during this recovery period.
Under these conditions, which should lead to degradation of any
pre-existing STING, we found reduced STING polymers in NAC-
treated March5~/~ MEFs compared to untreated cells (Fig 5F). To
better visualize these STING polymers, we treated cells with the
cross-linking reagent DSP. We found that NAC-treated MarchS™/~
MEFs showed less STING polymers and more monomers containing
the active form (upper species) (Fig 5G). Finally, we found
increased 1SG56 production in NAC-treated MarchS™/~ MEFs com-
pared to untreated cells (Fig S5H). These results suggest that
increased cellular ROS levels in March5~/~ MEFs impair STING
activity by promoting the formation of inactive STING polymers.

© 2023 The Authors
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Figure 4.
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Figure 4. MARCH5 mediates K63-linked polyubiquitination of STING.

A

March5~/~ MEF cells stably expressing mouse STING were transfected with plasmids encoding Myc-tagged wild-type hMARCHS5 (WT) or C65/68S mutant hMARCH5
(CS) for 24 h followed by transfection with dsISD (5 ug/ml) for 6 h. The induction of ISG56 mRNA was measured by RT-qPCR (left). Data are presented as mean 4 SD
(n = 3). MARCHS expression was examined by SDS—PAGE followed by immunoblotting with an anti-Myc antibody. Tubulin, loading control (right).

HEK293T cells were co-transfected with plasmids encoding HA-tagged Ub (HA-Ub) together with those encoding Flag-tagged mSTING (Flag-mSTING) and Myc-tagged
wild-type (WT) or C65/68S mutant (CS) hMARCH5 (hMARCHS5-Myc) for 24 h. Cell lysates were immunoprecipitated with an anti-Flag antibody and then subjected to
SDS-PAGE and immunoblotting with the indicated antibodies.

Plasmids encoding Myc-tagged mSTING (Myc-mSTING), Flag-tagged hMARCHS (hMARCH5-Flag), and HA-tagged Ub (HA-Ub) were transfected individually or together
into HEK293T cells for 36 h. Cell lysates were incubated in 1% SDS for denaturing at 95°C for 10 min. Native or denatured lysates were diluted in lysis buffer, immuno-
precipitated with an anti-Myc antibody, and then subjected to SDS-PAGE and immunoblotting with the indicated antibodies.

HEK293T cells were transfected with plasmids encoding Flag-tagged hSTING (Flag-hSTING), Myc-tagged hMARCH5 (hMARCH5-Myc), and either HA-tagged wild-type
Ub (WT) or mutant Ub (K48-only or K63-only linked Ub; K48 and K63, respectively) individually or together for 36 h. Cell lysates were immunoprecipitated with an
anti-Flag antibody and subjected to SDS-PAGE and immunoblotting with the indicated antibodies.

A schematic diagram of mouse STING KR mutants. HEK293T cells were co-transfected with plasmids encoding HA-tagged Ub (HA-Ub) and Myc-tagged wild-type
mSTING (WT) or mutant mSTINGs (K19R, K150/151R, K235R, K288R, K337R) with or without the one encoding Flag-tagged mMARCH5 (MMARCH5-Flag) for 36 h. Cell
lysates were immunoprecipitated with an anti-Myc antibody and then subjected to SDS—-PAGE and immunoblotting with the indicated antibodies.

Data information: The data are representative of at least two independent experiments. n, number of samples (biological replicates). Statistical significance was analyzed

by two-way ANOVA. ****p < 0.0001.
Source data are available online for this figure.

MARCHS5 suppresses oxidation-induced STING polymer formation

Since we determined that STING polymer formation in March5™/~
MEFs occurs via ROS-induced STING oxidation, we next asked
whether ROS levels and polymer formation were altered in MARCHS
deficient cell lines with rescued MARCHS expression. We found
hMARCHS5_MarchS~’~ MEFs produce levels of cellular ROS similar to
WT MEFs (Fig 6A). In addition, we found using non-reducing SDS—
PAGE that hMARCHS5_MarchS~/~ MEFs do not exhibit STING poly-
mer formation like MarchS~/~ MEFs (Fig 6B). These data indicate
that AMARCHS expression rescues the high levels of cellular ROS that
induce STING polymer formation in MARCHS-deficient cell lines.

Since stable expression of hMARCHS reduces both ROS produc-
tion and STING polymer formation, we next asked whether the cata-
lytic activity of MARCHS is required for both. After co-transfecting
HEK293T cells with an hSTING-encoding plasmid and either a WT
hMARCHS5 or hMARCHS5 CS (C65/68S) mutant-encoding plasmid,
we examined STING polymer formation with or without ROS-
inducing H,0, treatment. We found reduced STING polymer forma-
tion in the presence of WT hMARCHS, but not hMARCHS CS mutant
(Fig 6C). We did not, however, observe any change in ROS levels
after transient transfection of hMARCHS (Fig EV4A). Together, these
results indicate that MARCHS suppresses ROS-induced polymer for-
mation and its subsequent inactivation of STING via its E3 ubiquitin
ligase activity. Because we found that the lysine 19 residue of STING
is subject to MARCH5-mediated ubiquitination (Fig 4E), we exam-
ined the ROS-induced polymer formation of the KI9R mutant
STING. Unlike wild-type STING, MARCHS did not suppress the
polymer formation of the K19R mutant STING (Fig 6D). These find-
ings further support the notion that MARCHS suppresses the forma-
tion of STING polymers by ubiquitinating STING.

Finally, we wanted to determine whether the detrimental effects
of direct STING oxidation are counter-balanced by MARCHS-
mediated ubiquitination. Reportedly, it is human STING cysteine
206 that is oxidized by ROS, leading to the formation of inactive
STING aggregates (Zamorano Cuervo et al, 2021). The Cys205 resi-
due of mSTING is equivalent of human STING Cys206. We therefore
generated a mouse STING C205S mutant (mSTING_C205S) in which
Cys205 is replaced with serine. Consistent with the previous study,
using a maleimide-PEG,-biotin labeling technique with transfected
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HEK293T cells, we found reduced oxidation of mSTING_C205S com-
pared to WT mSTING (Fig 6E). Next, when we examined STING
polymer formation upon H,0, treatment, we found significantly
fewer polymers associated with mSTING_C205S in oxidizing condi-
tions compared to WT mSTING (Fig 6F). Finally, we asked whether
a Cys205 to serine substitution in STING, which reduces STING oxi-
dation and polymer formation itself, makes MARCHS dispensable
under oxidizing conditions for suppressing STING polymer and
inactivation. We co-expressed WT mSTING or mSTING C205S
mutant with or without WT hMARCHS in HEK293T cells and then
examined STING polymer formation. While WT mSTING polymer
formation was inhibited by hMARCHS but not by the CS (C65/68S)
mutant hMARCHS (Fig 6C), mSTING C205S polymer formation was
unaffected by the presence of MARCHS (Fig 6G). Of note, we found
that MARCHS5-mediated STING ubiquitination occurs similarly in
WT STING, the C205S mutant mSTING and the S366A mutant
hSTING which is not phosphorylated by TBK1 (Tanaka &
Chen, 2012) (Fig EV5A and B). Together, these results indicate
MARCHS5-mediated ubiquitination of STING suppresses ROS-
induced STING polymer formation and inactivation.

Based on the data presented in this study, we propose a model of
how the E3 Ub ligase MARCHS maintains STING activity in high
ROS conditions in which STING is oxidized at cysteine (Cys 205 and
206 for mouse and human, respectively) and prone to form inactive
polymers (Fig 6H). When MARCHS is present, it mediates K63-
linked poly-ubiquitination of STING, which prevents the formation
of inactive STING polymers and preserves the activity of STING
to induce type I-IFN production. But without MARCHS,
MARCHS5-mediated ubiquitination of STING is lost, and thus the for-
mation of inactive STING polymers are enhanced, disrupting STING
activation. In summary, our findings suggest MARCHS serves as a
guard protein to protect STING activity in high ROS environments
by inhibiting oxidation-induced inactive STING polymer formation.

Discussion
While several PTMs reportedly regulate STING activity, when,

where, and in which order these STING modifications occur and
how they are integrated to determine overall STING activity remains

© 2023 The Authors
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unclear. We previously identified an inter-organelle communication
pathway in which STING signaling is regulated by mitochondrial
dynamics and function. However, the molecular details underlying
this ER-mitochondria communication has not been fully understood.
Here, we provide evidence that points of contact between the

EMBO reports

mitochondrial transmembrane E3 ubiquitin ligase MARCHS5 and ER-
localized STING contribute to the integrated control of STING activ-
ity. We demonstrate that increased production of cellular ROS in
MARCHS-deficient cells increases STING oxidation, which then
facilitates the formation of inactive STING polymers. We determined
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Figure 5. High level ROS in March5~'~ MEF induces the STING polymer formation.
A Wild-type (WT) and March5~~ MEFs were stimulated with DMXAA (10, 25, 100 ug/ml) for 2 h. Cell lysates were resolved by non-reducing SDS-PAGE, and total

STING and B-ACTIN were immunoblotted with the indicated antibodies.

B Cell lysates of WT and March5~'~ MEFs were resolved by SDD-AGE or reducing SDS—PAGE, and total STING was analyzed by immunoblotting with an anti-STING

antibody.

@ WT and March5~/~ MEFs were cultured with or without NAC (20 mM) for 12 h and then treated with DCFDA (5 uM) in Opti-MEM for 30 min. Flow cytometry
analyses for measuring cellular ROS levels and their quantifications are shown in the upper histogram and lower bar graph, respectively. MFI, mean fluorescence

intensity.

D Cell lysates of WT and March5~'~ MEFs were labeled with or without maleimide-PEG,-biotin and resolved by SDS—PAGE. Proteins conjugated with maleimide-
PEG,-biotin were detected with horseradish peroxidase-conjugated streptavidin (HRP-SA). B-ACTIN, loading control.

E Cell lysates of WT and March5~'~ MEFs were denatured and immunoprecipitated with an anti-STING antibody and then labeled with maleimide-PEG,-biotin. The
immunoprecipitates were resolved by SDS—PAGE, and maleimide-PEG,-biotin-conjugated STING was detected with HRP-SA. Immunoprecipitated STING was

immunoblotted with an anti-STING antibody.

F,G March5~'~ MEFs were treated with DMXAA (100 pg/ml) for 2 or 7 h. After stimulation for 7 h, the culture medium was replaced with fresh cDMEM with or without
NAC (20 mM), and the cells were cultured for another 16 h. Then, the cells were treated with DMXAA (100 pg/ml) alone or together with NAC (20 mM) for 2 h.
(F and G) Cell lysates without (F) or with (G) pre-treatment with DSP (2 mM) on ice for 3 h were subjected to non-reducing SDS-PAGE and immunoblotting with
an anti-STING antibody. The data are representative of two independent experiments.

H March5~/~ MEFs were treated with DMXAA (100 pg/ml) for 7 h. After stimulation for 7 h, the culture medium was replaced with fresh cDOMEM with or without
NAC (20 mM), and the cells were cultured for another 16 h. Then, the cells were treated with DMXAA (100 pg/ml) alone or together with NAC (20 mM) for 2 h. The
induction of ISG56 mRNA was measured by RT-qPCR. Data are presented as mean + SD (n = 3).

Data information: The data are representative of at least two independent experiments. n, number of samples (biological replicates). Statistical significance was analyzed

by one-way ANOVA. ****P < 0.0001.
Source data are available online for this figure.

that STING polymer formation is suppressed by MARCHS which cat-
alyzes K63-linked ubiquitination on STING. Our results highlight the
intricate regulation of STING activity by MARCHS, the activity of
which balances STING ubiquitination and polymer formation.

Prior to our study, although STING activation and oxidative
stress were known to induce higher order STING polymerization,
the nature of these polymers was not clearly resolved biochemically,
being instead inferred only from the effects different stimuli had on
STING activity. In an initial report, STING agonists induced the for-
mation of a smear of STING aggregates on native gels (Tanaka &
Chen, 2012). Another group found that TBK1 supports the formation
of phosphorylated STING aggregates (Li et al, 2015). More recently,
cryo-EM studies revealed ligand-induced tetramerization of STING
dimers (i.e., octamerization), which then form an active complex
with TBK1. Upon ligand binding, the STING ligand binding domains
(LBDs) close and undergo a 180° rotation, culminating in a side-by-
side arrangement of four dimers (Shang et al, 2019; Zhang
et al, 2019; Lu et al, 2022). Both the hyperactive STING mutations
that cause STING-associated vasculopathy with onset in infancy
(SAVI) and deletion of STING’s autoinhibitory CTT domain led to
the formation of higher order polymers that required interdimer
disulfide bond formation (Ergun et al, 2019). It was unclear, how-
ever, whether the resulting high molecular weight STING
polymers observed as smeared STING bands on gels are octameric
polymers. Contrary to activation condition, an early study reported
that H,0, treatment induced the formation high molecular weight
form of oxidized STING that was analyzed on non-reducing SDS-
PAGE, although the study focused on oxidized dimers rather than
higher molecular weight polymers (Jin et al, 2010). Two recent stud-
ies showed that under conditions of oxidative stress, disulfide-
containing inactive polymers (aggregates) are formed (Zamorano
Cuervo et al, 2021) and active dimer formation is inhibited (Tao
et al, 2020). Together, these studies seemed to suggest that STING
forms active polymeric structures upon ligand stimulation and inac-
tive polymer formation in the presence of even stronger agonistic or
pathogenic stimulation. Under oxidative stress conditions, STING
forms inactive polymers without the formation of intermediary
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active polymer structures (Zamorano Cuervo et al, 2021). The struc-
tural differences between active and inactive polymers are not
clearly delineated, but both forms seem to involve cysteine disulfide
bond formation at Cys148 and Cys206 (amino acid numbers for
hSTING). Further investigation will determine whether these cyste-
ine residues form intra- or inter-dimer crosslinks.

Cellular redox signaling plays roles in regulating protein confor-
mation, function, and homeostasis. Increased ROS levels induce
protein aggregation, which is associated with aging and the protei-
nopathies of cataracts and neurodegenerative diseases like amyo-
trophic lateral sclerosis (ALS) (van Dam & Dansen, 2020). It has
been shown that the protein aggregates are formed via cysteine oxi-
dation that leads to the formation of either intramolecular or inter-
molecular disulfide bonds. The yD-crystallin mutants found in
cataracts form intramolecular disulfide bonds (Serebryany
et al, 2016), while the Cu, Zn-superoxide dismutase (SOD1) aggre-
gates associated with familial ALS are characterized by intermole-
cular disulfide bonds (Deng et al, 2006; Furukawa et al, 2006;
Toichi et al, 2013). The inclusions of trans-activation response
(TAR) DNA-binding protein of 43 kDa (TDP-43) associated with
ALS and frontotemporal lobar degeneration linked to TDP-43 pathol-
ogy (FTLD-TDP) also contain intermolecular disulfide bonds (Cohen
et al, 2012). Contrary to the harmful effects of high levels of ROS,
lower levels of ROS seem to control diverse intracellular phenom-
ena, including inflammatory signaling pathways. Such redox-
dependent signaling occurs via the reversible oxidation of signaling
molecule cysteines (Holmstrom & Finkel, 2014). Both the RLR and
the inflammasome signaling have been shown to require mitochon-
drial ROS (Tal et al, 2009; Zhou et al, 2010, 2011), but the mecha-
nisms by which ROS regulate them are not fully understood. It is
also unclear whether any of the related signaling molecules are
modified via ROS-dependent cysteine oxidation. One early study
found that activated MAVS forms prion-like aggregates (Hou
et al, 2011) that are functionally active and that seem to propagate
RIG-I signaling in mitochondria. Interestingly, these MAVS aggre-
gates are disaggregated via treatment with the reducing agent DTT,
implying that they contain disulfide bonds. Similarly, activated
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Figure 6. MARCHS5 blocks oxidation-induced STING polymer formation.

Kyungpyo Son et al

A WT MEFs, March5~/~ MEFs, and March5~/~ MEFs stably expressing hMARCH5 (RMARCH5_March5 /") were treated with DCFDA in Opti-MEM (5 uM) for 30 min. Flow
cytometry analyses for measuring cellular ROS levels and their quantifications are shown in the upper histogram and lower bar graph, respectively. MFI, mean

fluorescence intensity.

B Cell lysates of WT, March5~/~, and hMARCH5_March5~'~ MEFs were resolved by non-reducing SDS—PAGE. STING, MARCHS, and B-ACTIN were detected by

immunoblotting with the indicated antibodies.

C Plasmids encoding Flag-tagged hSTING (Flag-hSTING), Myc-tagged wild-type hMARCH5 (WT), and Myc-tagged C65/68S mutant hMARCHS (CS) were transfected
individually or together in HEK293T cells for 24 h. The cells were then treated with or without H,O, (5 mM) in DPBS for 30 min. Cell lysates were resolved by non-
reducing SDS—PAGE, and then STING, MARCH5 and B-ACTIN were detected by immunoblotting with the indicated antibodies.

D HEK293T cells were co-transfected with plasmids encoding Myc-tagged WT or K19R mutant mSTING with or without the one encoding Flag-tagged mMARCH5
(MMARCH5-Flag) for 24 h and then treated with H,O, (5 mM) for 30 min. Cell lysates were resolved by reducing or non-reducing SDS—PAGE, and STING and MARCH5

were detected by immunoblotting with the indicated antibodies.

E Flag-tagged WT or C205S mutant mSTING-encoding plasmids were transfected into HEK293T cells for 24 h. Cell lysates were denatured and immunoprecipitated with
an anti-Flag antibody. Maleimide-PEG,-biotin-conjugated STING was detected as in Fig 5E.

F  HEK293T cells were co-transfected with plasmids encoding Myc-tagged WT or C205S mutant mSTING for 24 h and then treated without (NT) or with H,0, (5 mM)
for 30 min. Cell lysates were resolved by reducing or non-reducing SDS—PAGE, and then STING was detected by immunoblotting with an anti-STING antibody.

G Flag-tagged WT or C205S mutant mSTING-encoding plasmids with or without Myc-tagged wild-type hMARCHS (hMARCH5-Myc) were co-transfected into HEK293T
cells for 24 h. Then, the cells were treated with or without H,0, (5 mM) for 30 min. Cell lysates were resolved by reducing or non-reducing SDS-PAGE, and then total

STING was analyzed via immunoblotting with the indicated antibodies.

H Schematic depicting the regulation of the formation of higher order STING polymers by MARCH5-mediated K63-linked STING ubiquitination at lysine 19. STING
ubiquitination prevents the formation of inactive STING polymers that can occur when cysteine 205 is oxidized in the presence of high levels of ROS.

Data information: The data are representative of at least two independent experiments.

Source data are available online for this figure.

STING forms DTT-sensitive polymers. Thus, based on the models
proposed in previous studies (Ergun et al, 2019; Zamorano Cuervo
et al, 2021), both MAVS and STING seem to initially form reversible
polymers with disulfide bonds formed through redox signaling that
only later become irreversible and inactive terminal aggregates.
These terminal aggregates, which also seem to form in conditions of
high oxidative stress, may be subject to clearance via autophagy.
This time-dependent regulation of STING activity by ROS may rec-
oncile the discordant reports on redox-dependent STING regulation
(Jin et al, 2010; Olagnier et al, 2018; Gunderstofte et al, 2019; Tao
et al, 2020; Zamorano Cuervo et al, 2021).

Like STING, it was shown that RLR signaling is also regulated by
MARCHS5. MARCHS suppresses excessive and harmful RLR-
mediated immune responses by conferring K48-linked ubiquitination
on RIG-I and MAVS aggregates and targeting them for degradation
(Yoo et al, 2015; Park et al, 2020). Although MARCHS functions to
reduce protein aggregates in both the RLR and STING pathways,
there are clear differences in its function in each pathway. First, in
contrast to its role with RLR, MARCHS catalyzes the addition of K63-
linked polyubiquitin chains to STING, which prevents its polymer
rather than inducing its degradation. We did not observe any
increase of active form of STING in the absence of MARCHS.
Instead, we frequently observed the increase of STING when
MARCHS was co-expressed (Fig 4C and D). Thus, it is possible that
MARCHS stabilizes STING, which requires further investigation.
Second, MARCHS’s interaction with MAVS is induced by and there-
fore occurs after RIG-I stimulation (Yoo et al, 2015). MARCHS’s
interaction with STING, however, occurs prior to stimulation and
leads to its dissociation from activated STING (Fig 3B). This suggests
that MARCHS increases the threshold for oxidation-induced STING
polymer formation. One recent study showed that another mitochon-
drial outer membrane protein, mitochondrial E3 ubiquitin protein
ligase 1 (MUL1, aka MAPL), plays a similar role to MARCHS in
STING activation via K63-linked ubiquitination (Ni et al, 2017). Fur-
ther investigation will be required to determine whether MUL1 and
MARCHS work redundantly or function in distinct contexts.
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Here, we focused on the regulation of STING activity by MARCHS
under high ROS environment (March5™/~ MEFs or addition of
H,0,). However, it is currently unclear whether MARCHS regulates
STING activation in normal ROS condition in the same way as it
does in high ROS condition. Consistent with our results, stable
MARCHS knockdown and knockout cell lines exhibit increased ROS
levels (Park et al, 2010; Nagashima et al, 2019). We observed, how-
ever, that transient, siRNA-mediated MARCHS5 knockdown did not
increase ROS levels or inhibit STING signaling (Fig EV4B and C).
The oxidized STING and high molecular weight STING polymers
were barely detected in WT MEFs in contrast to March5~/~ MEFs at
steady state. However, our gain-of-function approach demonstrated
that transient expression of MARCHS enhances STING activation in
HEK293T, HaCaT cells, and WT MEFs (Fig 1A-E). Furthermore, we
were able to detect high molecular weight STING polymers when
STING was expressed by transfection (Fig 6C, F and G). The polymer
formation of transiently expressed STING was suppressed by
MARCHS (Fig 6C) and substitution of Cys205 to serine even without
H,O0, supplement (Fig 6F and G). When we examined the ROS level
in transfected cells, we found that plasmid transfection alone could
cause some level of ROS induction (Fig EV4D). Therefore, although
we cannot completely exclude a role for MARCHS in regulating
STING at low/normal ROS levels, MARCHS’s regulation of STING
seems contingent on oxidative conditions.

Here, we propose that MARCHS5-mediated ubiquitination sets the
threshold for oxidation-mediated STING polymer formation
(Fig 6H). There are several remaining questions, however, that will
have to be answered by future investigations. Although we showed
that MARCHS deficiency leads to STING signaling inhibition associ-
ated with an increase in inactive STING polymer formation, there is
still work to be done on delineating the exact mode of action and its
sequence. We frequently observed slight increases in STING phos-
phorylation in March5~/~ MEFs compared to WT MEFs prior to
ligand stimulation (Fig 2D and F). Currently, we cannot exclude the
possibility that MARCHS deficiency facilitates a reversible interme-
diary polymerization of STING that only later reaches an inactive
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polymer state that shuts down STING signaling. Moreover, previous
studies and our results showed that high molecular weight STING
polymers are only a fraction of the STING molecules resolvable via
non-reducing SDS-PAGE. This raises the question of how such a
minor population suppresses STING signaling overall. It is possible
that the high molecular weight polymers act via a dominant nega-
tive mechanism. Or the high molecular weight polymers are actually
a mixture of STING monomers, dimers, and polymers that interact
weakly with one another and that are disrupted upon SDS-PAGE.
Last, the polymers may exist transiently on their way to terminal
aggregation. In this scenario, SDS-PAGE-based analyses would pro-
vide snapshots that capture only the species that exist at the time of
the analysis. Distinguishing among these possibilities will require a
more sophisticated time-lapse and structural analysis.

Cryo-EM studies showed that TBK1-mediated STING phosphoryla-
tion requires the formation of a rather tightly packed array of STING
dimers (octamer) (Ergun et al, 2019; Shang et al, 2019; Zhang
et al, 2019), although a recent study suggests that such side-by-side
packing and ER intermembrane head-to-head packing render STING in
an inactive polymer conformation (Liu et al, 2023). However, the exact
structures adopted by STING multimers decorated with various PTMs,
including ubiquitination, are unknown. A single Ub molecule spans
roughly 20 A (PDB 3HM3). We demonstrated that the lysine 19 residue
of STING is the target of MARCHS5-mediated ubiquitination and sup-
pression of STING polymer formation (Figs 4E and 6D). When we esti-
mated the distance between the lysine residue and the closest amino
acid residues in the neighboring STING dimer of a STING octamer
(PDB 7SII), the gap was shorter than the diameter of a single Ub mole-
cule. Considering the bulkiness of poly-Ub chains and depending on
positioning, the octameric STING polymer array may be disrupted or
distorted by Ub-conjugation. This could then decrease the chance with
which cysteine residues on adjacent molecules form intermolecular
disulfide bonds that lead to polymer formation. We showed that substi-
tution of mSTING Cys205 to serine reduced oxidation-induced polymer
formation regardless of the presence of MARCHS. The similarity
between the structures of human and mouse STING allows us to infer
that mSTING Cys205 is situated near the tetramer interface of two
neighboring STING dimers. Thus, we speculate that MARCHS-
mediated ubiquitination of STING at Lys19 may disrupt the interaction
between the STING dimers. This steric hindrance may suppress the
process of STING polymer formation mediated by Cys205 oxidation.
This speculation should be validated via a structural analysis of poly-
ubiquitinated STING polymers.

In summary, we found a novel mechanism regulating STING sig-
naling in which MARCHS-mediated ubiquitination prevents
oxidation-induced inactive STING polymer formation. We expect
our results will further clarify the mechanisms underlying the vari-
ous autoimmune, autoinflammatory, and neurological diseases to
which STING contributes and provide new therapeutic strategies for
targeting STING polymer formation.

Materials and Methods
Reagents

Chemical reagents were purchased as follows: 5,6-dimethylxanthe-
none-4-acetic acid (DMXAA) (Sigma-Aldrich, USA); 2’-3' cyclic
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GMP-AMP (cGAMP) (Biolog, Germany); double-stranded interferon
stimulatory  DNA (dsISD) (Invitrogen,  USA);  dimeric
amidobenzimidazole (diABZI) (Invivogen, USA); Dithiobis(succini-
midyl propionate) (DSP) (ProteoChem, USA); MG132 (Calbiochem,
USA); N-Acetyl-L-cysteine (NAC) (Sigma-Aldrich, USA). Plasmid
DNA, cGAMP, and dsISD were transfected using Lipofectamine 3000
(Invitrogen, USA) according to the manufacturer’s instructions. As a
mock control, only Lipofectamine 3000 was added. The following
list indicates the antibodies used in this study and their provenance.
Rabbit anti-TBK1 (Cat# 3504), rabbit anti-p-TBK1 (Cat# 5483), rab-
bit anti-IRF3 (Cat# 4302), rabbit anti-p-IRF3 (Cat# 4947), rabbit anti-
STING (Cat# 13647), rabbit anti-p-STING (Cat# 72971), rabbit anti-
p-STING (Cat# 19781), rabbit anti-Flag (Cat# 14793), and rabbit anti
B-ACTIN (Cat# 4970) were purchased from Cell Signaling (USA).
Rabbit anti-Myc (Cat# ab9106) and rabbit anti-GM130 (Cat#
ab52649) were purchased from Abcam (UK). Mouse anti-Flag
(Cat# F1804) and mouse anti-Tubulin (Cat# T9026) were purchased
from Sigma-Aldrich (USA). Rabbit anti-MARCHS (Cat# LS-C164034)
were purchased from LSBio (USA).

Cell lines

Mouse embryonic fibroblast (MEF) cells, HeLa cells, HaCaT cells,
and HEK293T cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (Welgene, South Korea) supplemented with 10%
heat-inactivated fetal bovine serum (Gibco, USA), 2 mM L-
glutamine (Gibco, USA), 10 mM HEPES (Hyclone, USA), and 100
unit/ml penicillin/streptomycin (Gibco, USA) in a 5% CO, incuba-
tor at 37°C. MARCHS5-floxed MEFs and control WT MEFs containing
Cre-ERT2 were kindly provided by Dr. Shigeru Yanagi (Tokyo Uni-
versity, Japan) (Sugiura et al, 2013). We established MarchS~/~
MEFs by treating MARCHS-floxed MEFs with tamoxifen for 1 month
to flox out MARCHS. We confirmed a loss of MARCHS5 expression
by RT-PCR and immunoblotting. Retroviral vectors encoding
human MARCHS (hMARCHS5) were generated via the method
that follows. Briefly, hMARCH5 was amplified from
hMARCHS5-Myc_pcDNA3.1(+) via polymerase chain reaction using
the following primers: (forward) 5-ATCTCGAGCTCAAGCTTAC
CATGCCGGACCAAGC-3'; (reverse) 5-TCCAAAATTCGAAGCTTTT
GCTTCTTCTTGTTCT-3’. The resulting PCR products were
subcloned into the pLPCX retroviral vector. We generated HeLa cells
and March5~/~ MEFs that stably express human MARCHS via the
following method. HeLa cells expressing Myc-human STING were
previously described (Kwon et al, 2017a). These cells and
March5™/~ MEFs were transduced with a retroviral vector expres-
sing MARCHS and treated with puromycin (2 pg/ml) to establish
cell lines stably expressing hMARCHS. We generated WT or
March5™/~ MEFs stably expressing Myc-tagged mouse STING. WT
and MarchS™/~ MEFs were transduced with a retroviral vector
expressing Myc-mouse STING and then treated with puromycin
(2 pg/ml) to establish stable mSTING-expressing cell lines.

Small interfering RNA experiments

MEF cells were reverse transfected with small interfering RNAs
(siRNA; 50 nM) for 48 h using RNAIMAX (Invitrogen, USA)
according to the manufacturer’s instructions. The siRNAs used in
these experiments were as follows: siMarchS #1 (Horizon, Cat# L-
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057048-01); siMarch5 #2: 5-GGUUUAUGUCUUGGAUCUUGUU-3';
siCtrl: 5-CCUACGCCACCAAUUUCGU-3'.

Quantitative real-time PCR

Total RNA was isolated from cultured cells using the TRI reagent
(Thermo Fisher Scientific, USA) according to the manufacturer’s
instructions. RNA concentrations were measured using a NanoDrop
(Thermo Fisher Scientific, USA), and equal amounts of RNA for
each sample were treated with DNase I (Promega, USA) to remove
residual DNA. Complementary DNA (cDNA) was synthesized using
oligo dT and SuperiorScript III (Enzynomics, South Korea)
according to the manufacturer’s instructions. Quantitative real-time
PCR was performed with target gene primer sets using qPCR 2x Pre-
MIX (SYBR Green with low ROX) (Enzynomics, South Korea) in a
Rotor-Gene Q PCR machine (Qiagen, Germany). The sequences of
the primers used were as follows: Isg56 sense: 5-CTCTGAAAGTG
GAGCCAGAAAAC-3'; Isg56 antisense: 5'-AAATCTTGGCGATAGGC
TACGA-3'; Ifn-f sense: 5-ATGGTGGTCCGAGCAGAGAT-3'; Ifn-f
antisense: 5-CCACCACTCATTCTGAGGCA-3'; MarchS sense: 5'-
-CCTCTGTTAACAGGAGGAAG-3'; March5 antisense: 5-GGAAACT
GACCCTTCACATC-3'; pB-Actin sense: 5-ACCAACTGGGACGACAT
GGAGAA-3’; B-Actin antisense: 5-AGCCAGGTCCAGACGCAGGAT
GG-3'. Transcript amounts were measured as cycle threshold (CT)
values, and the data were analyzed via the AACT method. Target
gene mRNA expression was normalized to fi-Actin expression.

IFN-B promoter reporter luciferase assay

WT or March5~/~ MEFs cells seeded on 24-well plates were trans-
fected with plasmids pGL3-IFN-f luciferase (0.35 pg), pIRES-neo-f-
gal (0.2 pg) as control, and indicated gene plasmid (0.45 pg). The
cells were then lysed 24 h after the transfection with reporter lysis
buffer (Promega, USA). After incubating the lysates with luciferase
assay buffer (Promega, USA) and f-gal assay buffer (Promega, USA)
at 37°C, their luminescence was measured with the GloMax®-Multi
Detection System (Promega, USA).

Immunofluorescence

Cells were grown on coverslips, fixed in 3.7% formaldehyde in PBS
buffer, and then permeabilized with 0.1% saponin (Sigma-Aldrich,
USA) in PBS buffer containing 5% bovine calf serum (BCS), 10 mM
glycine, and 10 mM HEPES (pH 7.4). The cells were incubated with
primary antibodies followed by Alexa Fluor™ 488-conjugated goat
anti-mouse IgG or Alexa Fluor™ 594-conjugated goat anti-rabbit IgG
antibodies (Thermo Fisher Scientific, USA). Micrographs were cap-
tured with a Zeiss LSM780 confocal microscope using the ZEN soft-
ware (Carl Zeiss, Germany).

Proximity ligation assay (PLA)

Proximity ligation assays were performed using the Duolink® In
Situ Red Starter kit (Sigma-Aldrich, USA). HeLa cells stably expres-
sing Myc-tagged human STING and Flag-tagged human MARCHS
were grown on coverslips, stimulated with plasmids (5 pg/ml) for
6 h, fixed in 3.7% formaldehyde in PBS buffer, permeabilized with
0.1% saponin (Sigma-Aldrich, USA) in PBS buffer containing 5%
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bovine calf serum (BCS), 10 mM glycine, and 10 mM HEPES (pH
7.4), and then blocked with Duolink® Blocking solution. The cells
were incubated with primary antibodies (anti-Flag mouse Ab and
anti-Myc rabbit Ab) in Duolink® Antibody Diluent for 30 min. Next,
the cells were incubated with Duolink® PLA probes, PLA anti-
mouse MINUS, and PLA anti-rabbit PLUS in Duolink® Antibody Dil-
uent for 1 h at 37°C before being washed with wash buffer
A. Thereafter, the ligation solution was added to the cells and incu-
bated for 30 min at 37°C, followed by washing with wash buffer
A. For amplification, the cells were incubated with amplification
solution for 110 min at 37°C and then washed with wash buffer B.
Then, STING was counterstained by incubating the cells with Alexa
Fluor™ 488-conjugated goat anti-rabbit IgG (Thermo Fisher Scien-
tific, USA) for 20 min in the dark. After a final wash with 0.01x
wash buffer B, the cells were mounted with Duolink® PLA Mount-
ing Medium, and the nuclei were stained. Samples were examined
with a Zeiss LSM880 confocal microscope using the ZEN software
(Carl Zeiss, Germany).

Immunoblot analysis and immunoprecipitation assay

Cells were lysed in 100 pl of lysis buffer containing 1% Triton X-100,
5 mM iodoacetamide (IAA), 0.5 mM phenylmethylsulfonyl fluoride
(PMSF), 1 mM NazVO,4, and 1 mM NaF in PBS (10 mM Na,HPQ,,
1.8 mM KH,P0O,, 137 mM NaCl, 2.7 mM KCl, pH 7.4) at 4°C for 1 h.
For the DSP cross-link condition, the cells were lysed in lysis buffer
with DSP (2 mM) at 4°C for 3 h. The lysates were quenched with
100 mM Tris buffer at 4°C for 15 min and then centrifuged at
16,100 g at 4°C for 10 min. The protein concentrations of the super-
natants were measured with a bovine serum albumin (BSA) assay kit
(Invitrogen, USA). The samples were subjected to denaturation by
boiling at 95°C for 10 min in sample buffer containing 1% SDS, 10%
glycerol, 0.05% bromophenol blue (BPB) in 6.25 mM Tris buffer
(pH 6.8) with (reducing) or without (non-reducing) 5% B-
mercaptoethanol. For immunoprecipitation, the cell lysates were
incubated with antibodies and protein G Sepharose® beads (GE
Healthcare, USA) at 4°C for 3 h. They were then denatured by boiling
at 95°C for 10 min in non-reducing SDS sample buffer. For the dena-
turation condition, the cell lysates were boiled at 95°C for 10 min in
1% SDS before adding the protein G Sepharose® beads. Then, lysis
buffer was added to dilute the SDS to 0.1% before immunoprecipita-
tion. The proteins were separated by 10% SDS-PAGE, blotted to a
polyvinylidene difluoride (PVDF) membrane (Merck Millipore,
USA), detected with primary antibodies and horseradish peroxidase
(HRP)-conjugated secondary antibodies (Jackson Laboratory, USA),
and visualized with the Luminata Crescendo Western HRP substrate
(Merck Millipore, USA).

Semi-denaturing detergent agarose gel electrophoresis (SDD-
AGE)

Cells were lysed in lysis buffer containing 1% Triton X-100, 5 mM
IAA, 0.5 mM PMSF, 1 mM Na3VO,, and 1 mM NaF in TBS (10 mM
Tris, 150 mM NacCl, pH 7.4), and then centrifuged at 16,100 g at 4°C
for 10 min. After measuring the protein concentrations of the super-
natants with a BSA assay kit, the samples were mixed with 4x load-
ing dye containing 20% glycerol, 8% SDS, and 0.2% bromophenol
blue (BPB) in 2x tris-acetate-EDTA (TAE) buffer at RT for 10 min.
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The proteins were separated on a 1.5% agarose gel in running
buffer containing 0.1% SDS in 1x TAE at 4°C, blotted to a PVDF
membrane, detected with primary antibodies and HRP-conjugated
secondary antibodies, and visualized with the Luminata Crescendo
Western HRP substrate.

ROS measurements

Cells were washed once with Dulbecco’s PBS (DPBS) and then incu-
bated with 2’,7’-dichlorodihydrofluorescein diacetate (DCFDA)
(Invitrogen, USA) (5 uM) in Opti-MEM solution for 30 min in a 5%
CO, incubator at 37°C. After washing the cells with DPBS, the
DCFDA-positive cells were detected by flow cytometry (LSRFor-
tessa) (BD Biosciences, USA). The data were analyzed and visual-
ized with the FlowJo software package (BD Biosciences, USA).

STING PTM-Oxy

Cells were lysed in lysis buffer containing 1% Triton X-100, 0.5 mM
PMSF, 1 mM Na3;VO,, and 1 mM NaF in PBS, and then centrifuged
at 16,100 g at 4°C for 10 min. The supernatants were subject to
denaturation by boiling at 95°C for 10 min in 1% SDS lysis buffer
and then incubated in N-ethylmaleimide (NEM) (5 mM) at room
temperature (RT) for 30 min. Samples were immunoprecipitated
with anti-STING or anti-Myc antibodies plus Protein G Sepharose®
beads (GE Healthcare, USA) at 4°C overnight. The immunoprecipi-
tates were washed three times with 0.1% Triton X-100 in PBS and
then incubated with 5 mM Tris (2-carboxyethyl) phosphine hydro-
chloride (TCEP) in lysis buffer (Merck Millipore, USA) at RT for 1 h.
This was followed by an incubation with 1 mM maleimide-PEG,-
biotin (Thermo Fisher Scientific, USA) in lysis buffer at RT for 2 h.
The samples were then boiled at 95°C for 10 min in reducing SDS
sample buffer, separated via 10% SDS-PAGE, and blotted to a PVDF
membrane. Maleimide-PEG,-biotin-labeled proteins were detected
with HRP-conjugated streptavidin (Invitrogen, USA) and visualized
with the Luminata Crescendo Western HRP substrate.

Statistical analysis

Data were analyzed using the GraphPad PRISM 6 software.
Unpaired two-tail Student’s t-test or ANOVA was performed. The
results are expressed as means + SD or SEM (represented as
error bars). Significance was indicated with P-values: *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001.

Data availability

This study includes no data deposited in external repositories.
Expanded View for this article is available online.
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