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RNF144A promotes antiviral responses by
modulating STING ubiquitination
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Abstract

Stimulator of interferon (IFN) genes (STING, also named MITA,
ERIS, MPYS, or TMEM173) plays an essential role in DNA virus- or
cytosolic DNA-triggered innate immune responses. Here, we dem-
onstrate that the RING-in-between RING (RBR) E3 ubiquitin ligase
family member RING-finger protein (RNF) 144A interacts with
STING and promotes its K6-linked ubiquitination at K236, thereby
enhancing STING translocation from the ER to the Golgi and
downstream signaling pathways. The K236R mutant of STING dis-
plays reduced activity in promoting innate immune signal trans-
duction. Overexpression of RNF144A upregulates HSV-1- or
cytosolic DNA-induced immune responses, while knockdown of
RNF144A expression has the opposite effect. In addition, Rnf144a-
eficient cells exhibit impaired DNA virus- or cytosolic DNA-
triggered signaling, and RNF144A protects mice from DNA virus
infection. In contrast, RNF144A does not affect RNA virus- or
cytosolic RNA-triggered innate immune responses. Taken
together, our findings identify a new positive regulator of DNA
virus- or cytosolic DNA-triggered signaling pathways and a criti-
cal ubiquitination site important for fully functional STING during
antiviral responses.
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Introduction

Upon viral infection, innate immune responses are initiated by pat-
tern recognition receptors (PRRs), which recognize pathogen-
associated molecular patterns (PAMPs) from viruses, including
nucleic acids, proteins, and carbohydrates (Carty et al, 2021). The
recognition of intracellular viral DNA relies on a series of PRRs
called DNA sensors, with cGAS and IFI16 as bona fide intracellular
viral DNA receptors (Chan & Gack, 2016). Based on the genetic evi-
dence that STING-deficient cells fail to produce interferons (IFNs) in
response to dsDNA stimulation, the adaptor protein STING is con-
sidered to be essential for the DNA sensor-triggered antiviral signal-
ing (Cai et al, 2014). Additionally, STING-deficient mice exhibited
impaired production of type I IFNs in response to DNA virus infec-
tion and were susceptible to lethal infection with DNA viruses,
including HSV-1, vaccinia virus, and murine gammaherpesvirus 68
(MHV68) (Ni et al, 2018).

Posttranslational modification (PTM) with ubiquitin is critical to
the tight control and adjustment of the strength and duration of the
antiviral immune responses by affecting the activities, stabilities, or
localizations of target proteins (Liu et al, 2016; Zhou et al, 2017).
Ubiquitin, the conserved 76-amino acid polypeptide, is universally
expressed in most tissues of eukaryotic organisms and fulfills essen-
tial functions through its conjugation with other intracellular pro-
teins (Pickart, 2001). All seven Lys residues (K6, K11, K27, K29,
K33, K48, and K63) in ubiquitin can be linked to another ubiquitin,
leading to the generation of different types of ubiquitin chains with
distinct functions (Park et al, 2014). While K48- and K63-linked
chains are the best-known ubiquitination types, accumulating evi-
dence has suggested that the other types of chains assembled
through K6, K11, K27, K29, and K33 residues deserve equal atten-
tion in the regulation of multiple biological processes (Tracz &
Bialek, 2021). The modification of ubiquitination is mediated by
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three coordinated enzymes, E1 ubiquitin-activating enzyme, E2
ubiquitin-conjugating enzyme, and E3 ubiquitin-protein ligase
(Zinngrebe et al, 2014). Till now, in the human genome, more than
600 E3 ubiquitin-protein ligases have been identified, contributing
to the high substrate specificity for protein ubiquitination (Schapira
et al, 2019). Several E3 ubiquitin-protein ligases have been demon-
strated in the regulation of STING trafficking, signaling, and degra-
dation. For example, mitochondrial E3 ubiquitin protein ligase 1
(MUL1) catalyzes the ubiquitination of STING and facilitates opti-
mal STING trafficking (Ni et al, 2017). TRIM32 and AMFR target
STING for K63-linked or K27-linked ubiquitination, respectively,
and positively modulate type I IFN production (Zhang et al, 2012;
Wang et al, 2014). Our previous research has indicated that RNF90
regulates antiviral responses by targeting STING for K48-linked
ubiquitination and subsequent degradation after viral infection
(Yang et al, 2020a). RNF5 and Trim30« also regulate STING ubiqui-
tination and degradation (Zhong et al, 2009; Wang et al, 2015).

E3 ubiquitin-protein ligases have been structurally classified into
four main classes, RING-, U-Box-, Cullin-RING-, and HECT-type
(Uchida & Kitagawa, 2016). Recently, the RBR (RING-in-between
RING) E3 ubiquitin ligases have been considered a novel group of
E3 ligases that transfer ubiquitin from the activated E2 by a RING/
HECT hybrid mechanism with RING and RING-like domains (Wang
et al, 2020). Among the 12 human RBR family members, Parkin and
HOIP are relatively well-studied E3 ligases, known for their roles in
many cellular functions and pathogenesis of human diseases
(Uchida & Kitagawa, 2016). RNF144A, which contains an RBR
domain in the N-terminus and a potential single-transmembrane
(TM) domain in the C-terminus, remains poorly characterized (Ho
et al, 2015; Uchida & Kitagawa, 2016). RNF144A is distributed in
both plasma membrane and the membranes of intracellular vesicles
including endosomes, lysosomes, endoplasmic reticulum (ER), peri-
nuclear vesicles, and others, which might be caused by the presence
of the TM domain (Ho et al, 2014). This special localization suggests
that RNF144A has the potential to contribute to the regulation of
receptors and their signaling. Till now, RNF144A has been
suggested to play a role in several cellular processes, including the
regulation of epidermal growth factor receptor (EGFR) transport in
intracellular vesicles, the suppression of breast cancer growth and
metastasis, the enhancement of DNA damage-induced cell apoptosis
targeting DNA-dependent protein kinase catalytic subunit (DNA-
PKcs), and the induction of cell death under oxidative stress (Ho
et al, 2014; Uchida & Kitagawa, 2016; Ho & Lin, 2018; Han &
Kim, 2020; Yang et al, 2020b). However, the functional and mecha-
nistic role of RNF144A in antiviral innate immune responses
remains unclear.

In this study, we demonstrate that RNF144A is induced by HSV-1
infection and positively regulated HSV-1-triggered antiviral innate
immune responses. Rnfl44a-deficient bone marrow-derived macro-
phages (BMDMs), mouse embryonic fibroblasts (MEFs), and perito-
neal macrophages (PMs) exhibit impaired DNA virus- or cytosolic
DNA-triggered signaling and RNF144A prevents HSV-1 infection in
mice. Further studies on the mechanism by which RNF144A
enhances STING-mediated host defense reveal that RNF144A pro-
motes K6-linked ubiquitination of STING at K236. Additionally, the
K236R mutant of STING displays reduced activity in promoting
innate immune signal transduction. Taken together, our
findings identify a new positive regulator of DNA virus- or cytosolic
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DNA-triggered signaling pathways and a critical ubiquitination site
necessary for fully functional STING during antiviral responses.

Results

RNF144A positively regulates DNA virus- or exogenous cytosolic
DNA-triggered innate immune responses

To explore the potential function of RNF144A in DNA virus infec-
tion, we first determined whether the expression of RNF144A was
associated to DNA virus infection. Phorbol-12-myristate-13-acetate
(PMA)-differentiated THP1 (PMA-THP1, a human macrophage-like
cell line) cells or HaCaT cells (human keratinocytes) were infected
with DNA virus HSV-1 and the expression of RNF144A was evalu-
ated by immunoblot assays. As shown in Fig 1A and B, RNF144A
expression was induced by HSV-1 infection and peaked around 8-
12 h after infection, suggesting that RNF144A might have a role dur-
ing DNA virus invasion. Next, we examined the effect of RNF144A
overexpression on DNA virus infection. HaCaT cells were trans-
fected with RNF144A and then infected with HSV-1. Plaque assay
results indicated that RNF144A overexpression inhibited HSV-1
infection, which motivated us to explore the involvement of
RNF144A in HSV-1-triggered antiviral innate immune responses
(Fig 1C). The effect of RNF144A on HSV-1 infection-induced tran-
scription of downstream genes such as IFNB, CXCL10, CCLS, and
TNF was evaluated in HaCaT cells by real-time PCR assays. A signif-
icant increase in the production of these proteins at the mRNA level
was noticed in RNF144A-transfected cells compared to control cells
after HSV-1 infection (Fig 1D), suggesting a positive regulatory role
of RNF144A in innate immune responses to DNA virus infection.
Next, we investigated RNF144A function in innate immune
responses that were induced by the transfection of exogenous DNA,
such as HSV60 (a 60 bp oligonucleotide containing viral DNA motifs
derived from the HSV-1 genome) and HT DNA (herring testis DNA).
As shown in Fig EV1A, overexpression of RNF144A in HaCaT cells
upregulated the production of IFNB, CXCLI10, and IL-6 in response to
HSV60 and HT DNA transfection.

To further investigate the role of RNF144A in DNA virus infec-
tion, we purchased three pairs of siRNA oligonucleotides specific for
RNF144A (A1, A2, and A3) and used the knockdown approach to
evaluate the role of endogenous RNF144A in HSV-1 infection. As
shown in Fig 1E, both A2 and A3 efficiently inhibited exogenous
and endogenous RNF144A expression, and A2 exhibited higher effi-
ciency than A3 in the inhibition of RNF144A expression. Therefore,
A2 and A3 were used to investigate the effect of RNF144A on HSV-1
infection in PMA-THP1 cells. As shown in Fig 1F, both A2 and A3
promoted HSV-1 infection compared to control siRNA, and the
increase in viral infection by A2 transfection was more significant
than A3, consistent with their efficiency in the inhibition of
RNF144A expression. Further, fluorescence microscopy images
of GFP-HSV-1 also indicated that the knockdown of RNF144A
enhanced HSV-1 infection (Fig 1G). Then, we examined the role of
RNF144A in HSV-l-induced antiviral responses. The results
suggested that RNF144A knockdown inhibited the production of
IFNB, CXCL10, IFIT1, and TNF at the mRNA levels (Fig 1H) and the
induction of IFN-B and TNF-a at the protein levels (Fig 1I) upon
HSV-1 infection. Additionally, real-time PCR assays suggested that
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Figure 1. RNF144A promotes DNA virus- or exogenous cytosolic DNA-triggered innate immune responses.
A, B PMA-THPL1 cells (A) or HaCaT keratinocytes (B) were stimulated with HSV-1 (MOI = 1) for the indicated periods. Afterward, the cells were lysed for immunoblot

assays.

C HaCaT keratinocytes were transfected with the empty vector (Vec) or the RNF144A expressing plasmid for 24 h and then infected with HSV-1 for 24 h. The titers of

HSV-1 were determined by standard plaque assay.

D HaCaT keratinocytes were transfected with the empty vector (Vec) or the RNF144A expressing plasmid and then infected with HSV-1 (MOl = 1) for 8 h. The cells

were then lysed for real-time PCR assays.

E HEK293T cells were transfected with Flag-RNF144A and then transfected with control siRNA (SC) or RNF144A-specific siRNA (A1, A2, and A3). At 24 h after transfec-
tion, the cells were lysed for immunoblot assays (top). PMA-THP1 cells were transfected with control siRNA (SC) or RNF144A-specific SiRNA (A1, A2, and A3). At 24 h
after transfection, the cells were infected with HSV-1 (MOl = 1) for 8 h and then immunoblot assays were performed (bottom).

F PMA-THP1 cells were transfected with control siRNA (SC) or RNF144A-specific siRNA (A2 and A3). At 24 h after transfection, the cells were infected with HSV-1
(MOI = 1) for 24 h. The titers of HSV-1 were determined by standard plaque assays.

G PMA-THP1 cells were transfected with control siRNA (SC) or RNF144A-specific siRNA (A2). At 24 h after transfection, the cells were infected with GFP-HSV-1
(MOI = 1) for 24 h and then immunofluorescence assays were performed. Nuclei were stained with DAPI. Scale bar, 500 pm.

H PMA-THP1 cells were transfected with control siRNA (SC) or RNF144A-specific siRNA (A2 and A3). At 24 h after transfection, the cells were infected with HSV-1

(MOI = 1) for 8 h. The cells were then lysed for real-time PCR assays.

| PMA-THP1 cells were transfected with control siRNA (SC) or RNF144A-specific siRNA (A2 and A3). At 24 h after transfection, the cells were infected with HSV-1
(MOI = 1) for 24 h. The supernatants were collected and subjected to ELISA assays.
J PMA-THP1 cells were transfected with control siRNA (SC) or RNF144A-specific siRNA (A2) for 24 h and then infected with HSV-1 for 8 h. The cells were lysed for

immunoblot assays.

Data information: Two-tailed unpaired Student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001. Data shown are from two (C, I) or at least three independent biological rep-
licates (A, B, D-H, J). In (D, H), each data point represents a technical replicate. In (C, F, I), each data point represents an independent biological replicate. Error bars are

presented as mean + SD.
Source data are available online for this figure.

RNF144A knockdown promoted HSV-1 infection (Fig 1H). In addi-
tion, consistent with their inhibitory efficiency on RNF144A expres-
sion, the effects of A2 on these host defense responses and HSV-1
infection were more significant than A3 (Fig 1H and I). Correspond-
ingly, RNF144A knockdown decreased HSV-1-induced phosphoryla-
tion of STING, IRF3, and p65 significantly (Fig 1J). Similarly,
knockdown of RNF144A also downregulated the innate immune
responses that were triggered by exogenous cytosolic DNA
(Fig EV1B and C). However, we found that knockdown of RNF144A
did not make significant differences in the activation of IRF3 and

© 2023 The Authors

p65 upon the transfection of poly (I:C), suggesting that RNF144A
might only play a role in host defense against cytosolic DNA, but
not cytosolic RNA (Fig EV1C). Then, Rnfl144a-deficient THP1 cells
were generated by CRISPR and the role of RNF144A in the regula-
tion of antiviral immune responses was explored further. The
expression of RNF144A could not be detected in Rnfl44a-deficient
PMA-THP1 cells, as suggested by immunoblot assays (Fig EV1D).
Compared to wild-type PMA-THP1 cells, upon HSV-1 infection,
Rnf144a-deficient cells exhibited decreased antiviral innate immune
responses (Fig EV1E-G). Taken together, our findings suggest a
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positive regulatory role of RNF144A in innate immune responses
against DNA virus infection or exogenous DNA transfection.

RNF144A restricts DNA virus infection and promotes antiviral
innate immune responses in a mouse model

To confirm the role of RNF144A in the regulation of host defense
against DNA virus, Rnfl44a-deficient mice were generated by
CRISPR/Cas9 strategy. As shown in Fig 2A, RNF144A expression
was knocked out successfully in protein levels in both cells and
organs from Rnfl44a-deficient mice. Then wild-type and Rnfl44a-

Bo Yang et al

deficient mice were intraperitoneally injected with HSV-1, and the
in vivo effect of RNF144A on DNA virus infection was evaluated.
Greater body weight loss and lower survival rate after HSV-1 infec-
tion were observed in Rnfl44a-deficient mice compared to control
wild-type groups (Fig 2B and C). Further, HSV-1-induced destruc-
tion in the lungs was more severe in Rnfl44a-deficient mice than in
wild-type mice (Fig 2D). Next, HSV-1 infection and antiviral
responses were examined in a variety range of organs from wild-
type and Rnfl44a-deficient mice. In the lung, liver, and spleen, 24 h
after HSV-1 infection, compared to wild-type mice, Rnfl44a-
deficient mice exhibited reduced production of Ifnb, Cxcl10, Ifitl,
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Figure 2.

RNF144A restricts DNA virus infection and promotes antiviral innate immune responses in a mouse model.

A

Wild-type (WT) and Rnfl44a-deficient (KO) BMDMs were infected with HSV-1 (MOI = 1) for 8 h. The cells were lysed for immunoblot assays (top). wild-type (WT) and
Rnf144a-deficient (KO) mice were intravenously infected with HSV-1 (1 x 107 PFU) for 24 h and then lung and spleen sections were analyzed by immunoblot assays
(bottom).

B Sex and age-matched wild-type (WT) and Rnfl44a-deficient (KO) mice (n = 4, 8-week-old) were intravenously infected with HSV-1 (1 x 107 PFU). The body weight
loss was monitored for 14 days.

C Sex and age-matched wild-type (WT) and Rnfl44a-deficient (KO) mice (n = 5, 8-week-old) were intravenously infected with HSV-1 (2 x 107 PFU). The survival of
these mice was monitored for 15 days.

D Sex and age-matched wild-type (WT) and Rnfl44a-deficient (KO) mice were intravenously infected with HSV-1 (1 x 107 PFU) for 24 h and lung sections were ana-
lyzed by H&E staining. Scale bar, 100 pm.

E  Wild-type (WT) and Rnf144a-deficient (KO) mice were intravenously infected with HSV-1 (1 x 107 PFU) for 24 h and then the lungs, livers, and spleens of the mice
were subjected to real-time PCR assays.

F  Wild-type (WT) and Rnfl44a-deficient (KO) mice (n = 3, 8-week-old) were intravenously infected with HSV-1 (1 x 107 PFU) for 4 days and then the brains of the mice
were subjected to real-time PCR assays.

G ELISA of IFN-B and TNF-a in serum of wild-type (WT) and Rnfl44a-deficient (KO) mice (n = 3, 8-week-old) 6 h after intravenous infection with HSV-1 (1 x 107 PFU).

H Wild-type (WT) and Rnf144a-deficient (KO) mice (n = 4, 8-week-old) were intranasally infected with HSV-1 (1 x 10’ PFU) for 24 h. Bronchoalveolar lavage fluid

(BALF) was collected and ELISA assays were performed.

Data information: Unpaired t-test (B, E-H), or log-rank (Mantel-Cox) test (C), *P < 0.05, **P < 0.01 and ***P < 0.001. Data shown are representative of at least three
independent biological replicates, with each data point representing an independent biological experiment. Error bars are presented as mean =+ SD.
Source data are available online for this figure.
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and II-6 and elevated genomic DNA copies of HSV-1 (HSV-1 gDNA)
(Fig 2E). Consistently, RNF144A deficiency resulted in impaired
antiviral responses and enhanced HSV-1 infection in the brains of
mice 4 days after HSV-1 infection (Fig 2F). In addition, ELISA
results indicated that the protein levels of IFN-p, TNF-«, and IL-6 in
the serum were much lower in Rnfl44a-deficient mice than in wild-
type mice 6 h after intravenous infection with HSV-1 (Fig 2G).
Finally, wild-type and Rnfl44a-deficient mice were intranasally
infected with HSV-1 for 24 h, and then cytokine secretion was
examined in the bronchoalveolar lavage fluids (BALFs). As shown
in Fig 2H, after HSV-1 infection, RNF144A deficiency caused
reduced secretion of IFN-B, TNF-a, and IL-6 in the BALFs of mice. In
all, our findings suggest that RNF144A protects mice from DNA
virus infection by the manipulation of innate immune responses.

RNF144A deficiency impairs DNA virus- or exogenous cytosolic
DNA-triggered innate immune responses in BMDMs and PMs

Given that RNF144A promoted antiviral responses and inhibited
HSV-1 infection in mouse models, we further investigated the effect
of RNF144A on DNA virus-induced host defense at the cellular level.
BMDMs and PMs were isolated from Rnfl44a-deficient and control
wild-type mice, respectively, and then infected with HSV-1, followed
by the evaluation of viral infection and antiviral innate immune
responses. As shown in Figs 3A and B, and EV2A, compared to
wild-type cells, Rnfl44a-deficient BMDMs or PMs displayed a signif-
icant increase in HSV-1 infection. Accordingly, HSV-1-induced pro-
duction of Ifnb, II-6, Cxcl10 and Ifitl at the mRNA level was much
lower in Rnfl44a-deficient BMDMs than in control wild-type cells
(Fig 3C). Similar results were obtained in PMs (Fig EV2B). Next, we
investigated the function of RNF144A in innate immune responses
evoked by exogenous cytosolic DNA, including HSV60, VACV70 (a
70 bp dsDNA oligonucleotide containing vaccinia virus motifs), HT
DNA, and the cytosolic DNA-analog poly (dA:dT). Similar to the
results from HSV-1 infection, the production of Ifnb, II-6, Cxcl10 and
Ifit] in response to stimulation with HSV60, HT DNA, or poly (dA:
dT) was significantly lower in Rnfl144a-deficient BMDMs compared
to control wild-type cells (Fig 3D). Consistently, following transfec-
tion with HSV60, IFN-stimulatory DNA (ISD), VACV70, or HT DNA,
Rnfl44a-deficient PMs displayed decreased production of Ifnb and
Il-6 compared to wild-type PMs (Fig EV2C). Notably, innate immune
responses triggered by cyclic GMP-AMP (cGAMP), an endogenous
second messenger produced by cGAS that activates STING to gener-
ate type I IFNs and subsequent innate immune responses, were also
decreased by RNF144A deficiency in BMDMs (Fig 3D). Then, we
evaluated the effect of RNF144A on DNA virus or exogenous cyto-
solic DNA-triggered secretion of type I IFNs and proinflammatory
cytokines by ELISA. In accordance with the findings at the mRNA
level, inhibited production of IFN-B, TNF-«, and IL-6 upon stimula-
tion with HSV-1, HSV60, VACV70, poly (dA:dT), or HT DNA was
observed in Rnfl44a-deficient BMDMs compared to control wild-
type cells (Fig 3E and F). Similarly, RNF144A deficiency in PMs
resulted in inhibited secretion of IFN-f and TNF-a in response to
HSV-1 infection (Fig EV2D). Consistently, RNF144A deficiency
caused the restricted formation of IRF3 dimers and decreased phos-
phorylation of STING, IRF3, TBK1, and p65 in responses to HSV-1
infection or HSV60 stimulation as suggested by immunoblot assays
in both BMDMs and PMs (Figs 3G and H, and EV2E and F). Further,
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after HSV-1 infection, impaired formation of STING dimers was
observed in Rnfl44a-deficient PMs compared to wild-type PMs
(Fig EV2G). Taken together, our research indicates that RNF144A
deficiency impairs innate immune responses against DNA viruses or
exogenous cytosolic DNA in BMDMs and PMs.

RNF144A deficiency impairs DNA virus or exogenous cytosolic
DNA-triggered innate immune responses in MEFs

Next, we investigated the role of RNF144A in HSV-1 infection and
innate immune responses in non-immune cells. MEFs were obtained
from wild-type and Rnfl44a-deficient mice and infected with HSV-1
or stimulated with exogenous cytosolic DNA. Compared to wild-
type MEFs, Rnfl44a-deficient MEFs displayed an increase in HSV-1
infection as suggested by plaque assays (Fig 4A), real-time PCR
assays (Fig 4B), fluorescence microscopy (Fig 4C), and immunoblot
assays (Fig 4D). Then, the effect of RNF144A on antiviral innate
immune responses was evaluated. As shown in Fig 4E, upon HSV-1
infection or HSV60 transfection, lower levels of mRNA expression of
Ifnb, II-6, Ccl5 and Ifit] were observed in Rnfl44a-deficient MEFs
than in control wild-type cells. Accordingly, ELISA assays suggested
that RNF144A deficiency restricted the secretion of IFN-B, IL-6, and
TNF-« in response to HSV-1 infection (Fig 4F) or exogenous cyto-
solic DNA stimulation (Fig 4G) in MEFs. In addition, compared to
control wild-type MEFs, Rnfl44a-deficient MEFs exhibited a signifi-
cant decrease in antiviral signal transduction after HSV-1 infection
or HSV60 transfection, including the phosphorylation of STING,
TBK1, IRF3, and p65, the formation of IRF3 dimers, and the nuclear
translocation of IRF3 and p65 (Fig 4H-J). Finally, after HSV60 trans-
fection, the culture supernatants from wild-type and Rnfl44a-
deficient BMDMs were collected and used to protect MEFs against
HSV-1 infection. As shown in Fig 4K, in plaque assays, RNF144A
deficiency in BMDMs resulted in more HSV-1 infection in MEFs,
suggesting RNF144A deficiency impaired antiviral immune
responses upon HSV60 transfection. In all, our findings suggest
RNF144A deficiency restricts antiviral innate immune responses
upon DNA virus infection or exogenous cytosolic DNA stimulation
in MEFs.

RNF144A does not affect RNA virus- or cytosolic RNA-triggered
innate immune responses

To further investigate the role of RNF144A in antiviral innate
immune responses, we examined the effect of RNF144A on RNA
virus infection. Unlike the phenomenon observed in HSV-
1-infected mice, after vesicular stomatitis virus (VSV) infection,
Rnfl44a-deficient mice did not exhibit significant differences from
control wild-type mice in the body weight loss, as well as the pro-
duction of IFN-B, proinflammatory cytokines, and antiviral proteins
in live, lung, spleen, serum, and BALFs (Fig EV3A-E). Consis-
tently, RNF144A deficiency did not affect Sendai virus (SeV)-
triggered secretion of IFN-p and IL-6 in the serum of mice
(Fig EV3C). At the cellular level, no significant differences were
observed between wild-type and Rnfl44a-deficient MEFs in the
innate immune responses against RNA virus or cytosolic RNA
(Fig EV3F-H). In all, our observations indicate RNF144A does not
regulate RNA virus- or cytosolic RNA-induced innate immune
responses.
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Figure 3. RNF144A deficiency impairs DNA virus or exogenous cytosolic DNA-triggered innate immune responses in BMDMs.

A
B )
C  Wild-type (WT)
D )

The cells were then lysed for real-time PCR assays.

assays.

Wild-type (WT) and Rnfl44a-deficient (KO) BMDMs were infected with HSV-1 (MOl = 1) for 24 h. The titers of HSV-1 were determined by standard plaque assay.
Wild-type (WT) and Rnfl44a-deficient (KO) BMDMs were infected with HSV-1 (MOl = 1) for 8 h. The cells were then lysed for real-time PCR assays.

( and Rnfl44a-deficient (KO) BMDMs were infected with HSV-1 (MOI = 1) for the indicated periods. The cells were then lysed for real-time PCR assays.
Wild-type (WT) and Rnfl44a-deficient (KO) BMDMs were transfected with HSV60 (1 pg/ml), HT-DNA (1 pg/ml), poly(dA:dT) (1 pg/ml) and cGAMP (1 pg/ml) for 8 h.

Wild-type (WT) and Rnfl44a-deficient (KO) BMDMs were infected with HSV-1 (MOI = 1) for 24 h. The supernatants were then collected and subjected to ELISA

F  Wild-type (WT) and Rnfl44a-deficient (KO) BMDMs were transfected with HSV60 (1 pg/ml), VACV70 (1 pg/ml), poly(dA:dT) (1 pg/ml) and HT-DNA (1 pg/ml) for 24 h.

The supernatants were then collected and subjected to ELISA assays.
performed.

performed.

Wild-type (WT) and Rnfl44a-deficient (KO) BMDMs were infected with HSV-1 (MOI = 1) for the indicated periods. Native-PAGE and SDS-PAGE assays were then

Wild-type (WT) and Rnfl44a-deficient (KO) BMDMs were transfected with HSV60 (1 pg/ml) for the indicated periods. Native-PAGE and SDS-PAGE assays were then

Data information: Two-tailed unpaired Student’s t-test, *P < 0.05, **P < 0.01 and ***P < 0.001. Data shown are from two (F) or at least three independent biological
replicates (A-E, G, H). In (B-D), each data point represents a technical replicate. In (A, E, F), each data point represents an independent biological replicate. Error bars are

presented as mean =+ SD.
Source data are available online for this figure.

RNF144A deficiency impairs the expression of type I IFNs,
proinflammatory cytokines and ISGs

We further performed global RNA-sequencing (RNA-seq) analysis
to identify genes and pathways regulated by RNF144A. Differen-
tially expression analysis identified 1,062 up-regulated genes
(log2 > 1) and 1,797 down-regulated genes (log2 < —1) in
response to RNF144A deficiency in HSV-1 infected MEFs (Appen-
dix Fig S1A and B). Gene-set-enrichment analysis (GSEA) was
performed, and the results demonstrated that the core-enriched
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genes were related to the cytosolic DNA sensing and HSV-1
infection-related pathways (Appendix Fig S1C). Additionally, Gene
ontology (GO) analysis further demonstrated that these genes
were involved in cellular antiviral immune responses against
HSV-1 infection (Appendix Fig S1D). Differential expression anal-
ysis further displayed that RNF144A deficiency resulted in the
down-regulation of many type I IFN-induced IFN-stimulated genes
(ISGs) and proinflammatory cytokines upon HSV-1 infection
(log2 > 1) (Appendix Fig S1E). In all, our findings suggest that
RNF144A positively regulates antiviral responses by controlling

© 2023 The Authors
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Figure 4. RNF144A deficiency impairs DNA virus- or exogenous cytosolic DNA-triggered innate immune responses in MEFs.

A Wild-type (WT) and Rnfl44a-deficient (KO) MEFs were infected with HSV-1 (MOI = 1) for 24 h. The titers of HSV-1 were determined by standard plaque assay. n = 3
biological replicates.

B Wild-type (WT) and Rnfl44a-deficient (KO) MEFs were infected with HSV-1 (MOl = 1) for 8 h. The cells were then lysed for real-time PCR assays.

C Wild-type (WT) and Rnfl44a-deficient (KO) MEFs were infected with GFP-HSV-1 (MOI = 1) for 24 h and immunofluorescence assays were then performed. Nuclei
were stained with DAPI. Scale bar, 200 pm. The GFP fluorescence intensity was determined by Image] (bottom). n = 3 biological replicates.

D Wild-type (WT) and Rnfl44a-deficient (KO) MEFs were infected with GFP-HSV-1 (MOI = 1) for the indicated periods. Immunoblot assays were then performed.

E  Wild-type (WT) and Rnfl44a-deficient (KO) MEFs were infected with HSV-1 (MOl = 1) or transfected with HSV60 (1 pg/ml) for 8 h. The cells were then lysed for real-
time PCR assays.

F  Wild-type (WT) and Rnfl44a-deficient (KO) MEFs were infected with HSV-1 (MOI = 1) for 24 h. The supernatants were then collected and subjected to ELISA assays.
Wild-type (WT) and Rnfl44a-deficient (KO) MEFs were transfected with HSV60 (1 pg/ml), ISD (1 pg/ml), HT-DNA (1 pg/ml) and poly(dA:dT) (1 pg/ml) for 24 h. The
supernatants were then collected and subjected to ELISA assays.

H  Wild-type (WT) and Rnfl44a-deficient (KO) MEFs were infected with HSV-1 (MOI = 1) for the indicated periods. Native-PAGE and SDS-PAGE assays were then
performed.

I Wild-type (WT) and Rnfl44a-deficient (KO) MEFs were transfected with HSV60 (1 pg/ml) for the indicated periods. Native-PAGE and SDS-PAGE assays were then
performed.

] Wild-type (WT) and Rnfl44a-deficient (KO) MEFs were infected with HSV-1 (MOI = 1) for the indicated periods and then fractionated into cytosolic and nuclear
subfractions. Immunoblot assays were then performed as indicated.

K Wild-type (WT) and Rnfl44a-deficient (KO) BMDMs were transfected with mock or HSV60 (1 ug/ml). Equal volumes of culture supernatants from these treatments
were applied to fresh MEFs, followed by HSV-1 infection. The proliferation of cells was examined by crystal violet staining.

Data information: Two-tailed unpaired Student’s t-test, *P < 0.05, **P < 0.01 and ***P < 0.001. Data shown are from two (G left and middle panels) or at least three
independent biological replicates (A-F, G right panel, H-K). In (B, E), each data point represents a technical replicate. In (A, F, G), each data point represents an indepen-
dent biological replicate. Error bars are presented as mean =+ SD.

Source data are available online for this figure.
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the expression of type I
and ISGs.

IFNs, proinflammatory cytokines,

RNF144A interacts with STING

To explore the underlying mechanism by which RNF144A regulated
host antiviral responses, firstly, we tried to identify the potential tar-
get protein of RNF144A in DNA sensor-triggered signaling path-
ways, containing the generation of cGAMP by cGAS, the production
of type I IFNs by the activation of STING-TBK1-IRF3 signaling path-
way and the induction of antiviral state by type I IFNs. Thus, we
examined the effect of RNF144A deficiency on these processes. As
shown in Fig SA, after IFN-p stimulation, wild-type and RnfI44a-
deficient MEFs produced equal amounts of transcripts of Cxcl10 and
Ifitl. In both BMDMs and MEFs, after HSV-1 infection, RNF144A
deficiency did not make a significant difference in cGAMP genera-
tion (Fig 5B). Similar results were obtained in HSV60- or HT DNA-
transfected MEFs (Fig EV4A). Further, in cGAS-deficient HeLa cells,
RNF144A knockdown decreased cGAMP-triggered activation of
TBK1 and IRF3 (Fig EV4B and C). Meantime, in HSV-1-infected
IFI16-deficient PMA-THP1 cells, RNF144A knockdown remained to
inhibit the production of IFNB and CXCLIO, and the activation of
TBK1 and IRF3, suggesting the function of RNF144A was indepen-
dent on IFI16 (Fig EV4D-G). These findings suggest the function
of RNF144A was independent of the generation of cGAMP, IFN-§-
triggered signaling, and the existence of cGAS and IFI16. Next, selec-
tive STING antagonist C-176 was administered and the role of
RNF144A in STING-mediated antiviral innate immune responses
was evaluated. As shown in Fig EV4H and I, after the treatment of
C-176, RNF144A deficiency did not affect HSV-1-triggered innate
immune responses, including the production of Ifnb, Cxcli0, Ifitl,
Tnf and II-6, and the phosphorylation of TBK1, IRF3, and p65. Fur-
ther, in STING-deficient THP1 cells, RNF144A knockdown did not
affect HSV-1 or SeV-induced production of IFNB, CXCL10, IFIT1 and -
IL-6 (Fig EVA4J). Additionally, in STING-deficient THP1 cells,
RNF144A knockdown did not affect HSV-1-induced production of
IFNB, CXCL10, and IFIT1 (Fig EV4K), and HSV-1 infection
(Fig EV4K-M), indicating that the effect of RNF144A on HSV-1 infec-
tion was dependent on the existence of STING and innate immune
responses, not by affecting virus directly. These findings suggest
that there is a bigger chance to find the target protein of RNF144A
in the STING-TBK1-IRF3 signaling pathway than in cGAMP genera-
tion and IFN-B-induced signal transduction. Thus, co-
immunoprecipitation assays were performed between exogenously
expressed RNF144A and cGAS, STING, TBK1, or IRF3, and the
results indicated that RNF144A might be associated with STING
(Fig 5C and D). Then, this association was confirmed by co-
immunoprecipitation between endogenous RNF144A and STING
(Fig SE and F). Additionally, the RNF144A-STING interaction was
enhanced by HSV-1 infection or HT-DNA stimulation, which might
be caused at least partly by the increase of RNF144A expression
(Fig SE and F). To further validate the RNF144A-STING interaction,
we performed in situ-proximity ligation assay (PLA) using anti-Flag
and anti-STING antibodies. Rnfl44a-deficient MEFs were transfected
with Flag-RNF144A and then stimulated with HSV-1, HSV60, or left
untreated. As shown in Fig 5G, the red dots, which depicted the co-
localization of RNF144A and STING, were detected in untreated
cells and were increased after HSV-1 infection or HSV60
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transfection. Further, the co-localization of RNF144A and STING
was also suggested by confocal images (Figs 5SH and EV5A). Next,
we tried to explore the regions responsible for the RNF144A-STING
interaction. Surprisingly, although a series of truncation mutants of
both proteins were tested, co-immunoprecipitation assays indicated
that only the full-length RNF144A interacted with the full-length
STING (Fig 5I and J), suggesting the integrity of both proteins was
required for their interaction. Notably, the two reported E3-ligase
defective mutants of RNF144A, C20/23A and C198A, with destroyed
RING domain (Ho & Lin, 2018; Yang et al, 2020b), exhibited a much
weaker association with STING (Fig 5K), indicating the integrity of
the RING domain was also essential to the RNF144A-STING interac-
tion. In all, our findings suggest RNF144A interacts with STING.

RNF144A promotes the ubiquitination of STING

Given that the E3 ligase RNF144A interacted with STING and regu-
lated STING-mediated host defense, we investigated whether
RNF144A regulated the function of STING by manipulating its
ubiquitination. To determine the effect of RNF144A on the ubiquiti-
nation of STING, we transfected HEK293T cells with increasing
amounts of RNF144A together with STING and ubiquitin, followed
by co-immunoprecipitation assays. As shown in Fig 6A, exoge-
nously expressed RNF144A promoted the ubiquitination of STING
in a dose-dependent pattern. However, the C20/23A and C198A
mutants of RNF144A failed to enhance the ubiquitination of exoge-
nously expressed STING in HEK293T cells (Fig EV5B), indicating
that the intact catalytic activity of RNF144A is required for its effect
on STING ubiquitination. Surprisingly, the G252D mutant of
RNF144A found in human cancers, which preserves its ubiquitin
ligase activity but loses its membrane localization, barely promoted
the ubiquitination of STING (Fig EV5C), indicating the membrane
localization was essential to the effect of RNF144A on STING. To
exclude the possible interference by endogenous RNF144A, wild-
type RNF144A and its mutants were transfected into Rnfl44a-
deficient MEFs and the effect of these ligase-dead mutants was
examined. As expected, the C20/23A and C198A mutants of
RNF144A lost the ability to increase the ubiquitination of endoge-
nous STING in MEFs (Fig 6B). Additionally, neither the C20/23A
nor the C198A mutant of RNF144A increased HSV60-induced pro-
duction of Ifnb and Cxcl10 to the same extent as wild-type RNF144A
did, indicating that the integrity of RING domain was required for
the role of RNF144A in STING ubiquitination and STING-mediated
signaling pathway (Fig 6C). Furthermore, knockdown of RNF144A
in PMA-THP1 cells decreased HSV-1-induced ubiquitination of
STING (Fig 6D). Next, we evaluated the effects of RNF144A
deficiency on the ubiquitination of STING. Wild-type and Rnf144a-
deficient MEFs were infected with HSV-1 and then the ubiquitina-
tion of STING was investigated. As shown in Fig 6E, compared to
control wild-type cells, Rnfl44a-deficient MEFs displayed impair-
ment in HSV-1-induced ubiquitination of STING. Similar results
were observed in Rnfl44a-deficient BMDMs and PMs (Fig EV5D
and E). Then, we explored the type of ubiquitin linkage that was
promoted by RNF144A. Expression plasmids for ubiquitin mutants
retaining only a single lysine residue, including K6, K11, K27, K29,
K33, K48, and K63, were transfected into cells together with
RNF144A for immunoprecipitation and immunoblot analysis. The
results showed that RNF144A mainly promoted ubiquitination of

© 2023 The Authors
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Figure 5. RNF144A interacts with STING.

A Wild-type (WT) and Rnf144a-deficient (KO) MEFs were left untreated or treated with IFN-B (100 ng/ml) for 4 h before real-time PCR assays.
B Wild-type (WT) and Rnfl44a-deficient (KO) BMDMs (top) or MEFs (bottom) were infected with HSV-1 (MOI = 1) for 24 h. The supernatants were then collected

and subjected to ELISA assays.
indicated.

to immunoprecipitation (IP) and immunoblot (IB) assays as indicated.

EMBO reports

HEK293T cells were transfected with indicated plasmids. At 24 h after transfection, immunoprecipitation (IP) and immunoblot (IB) assays were performed as

PMA-THP1 cells were infected with HSV-1 (MOI = 1) (E) or transfected with HT-DNA (1 pg/ml) (F) for the indicated periods and then the cell lysates were subjected

G Rnfl44a-deficient (KO) MEFs were transfected with Flag-RNF144A. At 24 h after transfection, the cells were treated with HSV-1 (MOI = 1), HSV60 (1 pg/ml), or left
untreated for 8 h, and then in situ PLA assays were performed to examine the colocalization of RNF144A and STING. The RNF144A-STING complex is visualized in

red; nuclei are shown in blue. Scale bar, 10 pm.

H Hela cells were transfected with plasmids expressing HA-STING and Flag-RNF144A. At 24 h after transfection, Hela cells were transfected with HSV60 (1 pg/ml),
poly(dA:dT) (1 pg/ml), or left untreated for 8 h. Immunofluorescence assays were performed using anti-HA (green) and anti-Flag (red). Nuclei were stained with
DAPI. Scale bar, 10 pm. The plot of pixel intensity along the green line is shown in the right panel. Pearson’s correlation coefficient was calculated using Image|

software. Rr, Pearson’s correlation coefficient.

| A schematic diagram of full-length STING (top). TM, transmembrane; CTD, carboxy-terminal domain; CTT, carboxy-terminal tail. HEK293T cells were transfected
with the indicated plasmids. At 24 h after transfection, immunoprecipitation (IP) and immunoblot (IB) assays were performed as indicated (bottom).

J A schematic diagram of full-length RNF144A (top). RING, really interesting new gene; IBR, in between RING; TM, transmembrane. HEK293T cells were transfected
with the indicated plasmids. At 24 h after transfection, immunoprecipitation (IP) and immunoblot (IB) assays were performed as indicated (bottom).

K HEK293T cells were transfected with the indicated plasmids. At 24 h after transfection, immunoprecipitation (IP) and immunoblot (IB) assays were performed as

indicated.

Data information: Two-tailed unpaired Student’s t-test, n.s., not significant (P > 0.05). Data shown are representative of at least three independent biological replicates.
In (A), each data point represents a technical replicate. In (B), each data point represents an independent biological replicate. Error bars are presented as mean + SD.

Source data are available online for this figure.
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RNF144A promotes the ubiquitination of STING.

Bo Yang et al

A HEK293T cells were transfected with the indicated plasmids and increasing amounts of Flag-RNF144A (0, 0.5, 1, and 2 pg). At 24 h after transfection, the cells were
lysed and subjected to immunoprecipitation (IP) and immunoblot (IB) assays.
B Rnfl44a-deficient (KO) MEFs were transfected with various combinations of plasmids as indicated. 24 h later, immunoprecipitation (IP) and immunoblot (IB) assays
were performed.
C Rnfl44a-deficient (KO) MEFs were transfected with an empty vector (Vec), wild-type RNF144A plasmid, or its mutants for 24 h and then transfected with HSV60
(1 pg/ml) for 8 h. The cells were then lysed for real-time PCR assays.
D PMA-THP1 cells were transfected with control siRNA (SC) or RNF144A-specific SIRNA (A2). At 24 h after transfection, the cells were infected with HSV-1 (MOI = 1) for
the indicated periods. Afterward, immunoprecipitation (IP) and immunoblot (IB) assays were performed.
E  Wild-type (WT) and Rnfl44a-deficient (KO) MEFs were infected with HSV-1 (MOI = 1) for the indicated periods. Afterward, immunoprecipitation (IP) and immunoblot
(IB) assays were performed.
FHEK293T cells were transfected with various combinations of plasmids as indicated. 24 h later, immunoprecipitation (IP) and immunoblot (IB) assays were performed.
HEK293T cells were transfected with the indicated plasmids and increasing amounts of Flag-RNF144A (0, 0.5, 1, and 2 pug). At 24 h after transfection, the cells were
lysed and subjected to immunoprecipitation (IP) and immunoblot (IB) assays.
H HEK293T cells were transfected with various combinations of plasmids as indicated. 24 h later, immunoprecipitation (IP) and immunoblot (IB) assays were performed.
I Immunoblot analysis of STING ubiquitination in vitro. STING and wild-type RNF144A were quickly translated in vitro, and then the biotin-ubiquitin E1 and indicated
E2s were added for the in vitro ubiquitination assays.

Data information: Two-tailed unpaired Student’s t-test, **P < 0.01. Data shown are representative of at least three independent biological replicates. In (C), each data
point represents a technical replicate. Error bars are presented as mean =+ SD.
Source data are available online for this figure.

STING by the K6 mutant ubiquitin (in which only the Lys residue 6
was retained), indicating that RNF144A mainly enhanced the K6-
linked ubiquitination of STING (Fig 6F and G). This phenomenon
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was further confirmed by the usage of the K6R (in which only the
Lys residue 6 was mutated to Arg), K29R (in which only the Lys res-
idue 29 was mutated to Arg), and K48R (in which only the Lys
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residue 48 was mutated to Arg) mutants of ubiquitin. Immunopre-
cipitation and immunoblot analysis indicated that RNF144A
increased K48R or K29R-mediated ubiquitination of STING, but not
K6R, indicating the Lys residue 6 was essential for the RNF144A-
triggered linkage of STING with ubiquitin (Fig 6H). As expected, the
C20/23A and C198A mutants of RNF144A did not affect K6-linked
ubiquitination of STING (Fig EVSF). Finally, to examine whether
RNF144A ubiquitinated STING directly as an E3-ligase, in vitro
ubiquitination assays were performed. We observed that RNF144A
enhanced the ubiquitination of STING in a cell-free translation sys-
tem with only E1 and E2 enzymes (Fig 61). However, the C20/23A
and C198A mutants of RNF144A did not affect the ubiquitination of
STING in this system (Fig EV5G). Collectively, our findings demon-
strate that RNF144A promotes the Ké6-linked ubiquitination of
STING.

RNF144A deficiency impairs the translocation, dimerization, and
complex formation of STING

Next, we explored how RNF144A regulated the function of STING.
As shown in Fig EV4I, RNF144A deficiency did not affect the expres-
sion of STING. It has been reported that upon binding to cGAMP,
STING translocates from the ER through ERGIC to the Golgi, where
STING recruits TBK1 to activate the type I IFN and proinflammatory
responses through IRF3 and NF-kB (Taguchi et al, 2021). Therefore,
we examined whether RNF144A affected STING trafficking during
HSV-1 infection. As shown in Fig 7A-C, after HSV-1 infection,
RNF144A deficiency caused an increase in ER retention of STING
(indicated by ER marker calnexin), and a decrease in the redistribu-
tion of STING in ERGIC (indicated by P58) and Golgi (indicated by
GM130), suggesting RNF144A was required for the translocation of
STING in response to HSV-1 infection. In addition, upon treatment
with Brefeldin A (BFA), which inhibited the STING movement, no
significant difference was observed in the HSV-1-induced production
of Ifnb, Cxcl10, Ifitl, Tnf and Ifit] between wild-type and RnfI44a-
deficient MEFs (Fig EV5H), suggesting that the effect of RNF144A
on antiviral responses might be dependent on the regulation of
STING trafficking. Furthermore, K6-linked ubiquitination of STING
by RNF144A occurred even in the presence of BFA, indicating that
ubiquitination of STING by RNF144A was independent of STING
translocation (Fig EVSI).

The binding of STING with its ligands promotes the dimeriza-
tion of STING, which is necessary for STING to signal (Li
et al, 2022). Therefore, we investigated the effect of RNF144A on
the formation of STING dimers. Coimmunoprecipitation assays
indicated that RNF144A enhanced the dimerization of overex-
pressed STING (Fig 7D). In wild-type BMDMs and MEFs, HSV-1
infection induced STING dimerization, which was decreased by
RNF144A deficiency (Fig 7E and F). Furthermore, the SDD-AGE
assays indicated that RNF144A deficiency impaired the aggregation
of STING in response to HSV-1 (Fig 7G). In addition, compared to
wild-type MEFs, Rnfl44a-deficient MEFs exhibited a drop in the
affinity of STING with TBK1 and IRF3 upon the infection of HSV-1
(Fig 7H). Three gain-of-function mutants of STING (V147L, N154S,
or V155M), which are associated with an auto-inflammatory dis-
ease called STING-associated vasculopathy with onset in infancy
(SAVI), localize to perinuclear compartments instead of the ER
(Dobbs et al, 2015; Mukai et al, 2016; Taguchi et al, 2021).

© 2023 The Authors
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Interestingly, we found that RNF144A could only enhance the acti-
vation of an IFN-p or ISRE reporter that was induced by wild-type
STING, but not by SAVI mutants (Fig EV5J), indicating the contri-
bution of RNF144A to the activation of STING might be mainly in
the ER, instead of post-ER compartments. In all, these results sug-
gest RNF144A regulates the translocation, dimerization, and com-
plex formation of STING.

RNF144A promotes ubiquitination of STING at K236

To investigate whether the RNF144A-promoted ubiquitination of
STING was crucial for its function in antiviral signaling pathways,
we sought to identify the ubiquitination site at STING that was
promoted by RNF144A. A series of STING mutants were generated
with the potential lysine sites replaced by arginine residues indi-
vidually. As shown in Fig 8A, wild-type STING, and its mutants
were transfected into HEK293T cells along with Myc-RNF144A and
HA-Ubi, and the ubiquitination of STING and its mutants was
examined. Immunoprecipitation and immunoblot analysis indi-
cated that the K236R mutant of STING was barely ubiquitinated
by RNF144A, suggesting RNF144A promoted the ubiquitination of
STING at K236 (Fig 8A). Next, we investigated whether the muta-
tion at K236 affected the function of RNF144A and STING. The
wild-type and the K236R mutant of STING were transfected into
HEK293T cells, together with cGAS and an IFN-p or ISRE reporter.
Luciferase assays indicated that the K236R mutant of STING could
not enhance the activity of IFN-p and ISRE reporters as much as
the wild-type STING did (Fig 8B). In contrast, RNF144A only pro-
moted the activity of IFN-f and ISRE reporters that were induced
by wild-type STING, but not by the K236R mutant of STING
(Fig 8B). Consistently, the K236R mutation of STING impaired its
ability to activate TBK1 and IRF3 and blocked the positive regula-
tory role of RNF144A in the STING function (Fig 8C). In addition,
the K236R mutants of STING displayed a lower affinity with TBK1
and IRF3 compared to wild-type STING (Fig 8D and E). To
exclude the effects of endogenous STING, we compared the func-
tion of the wild-type and the K236R mutant of STING in STING-
deficient cells. STING-deficient PMA-THP1 cells were overex-
pressed with wild-type STING or its K236R mutant, and then HSV-
1-induced signaling pathways were evaluated. As shown in Fig 8F
and H, compared to wild-type STING, the K236R mutant of STING
resulted in weaker innate immune responses. Consistent with this,
compared to wild-type STING, there was less distribution of the
K236R mutant on ERGIC in HSV-1 infected STING-deficient PMA-
THP1 cells (Fig 8I). Taken together, our observations indicate that
RNF144A promotes the ubiquitination of STING at K236, and
ubiquitination at this site is critical for the function of STING in
innate immune responses.

RNF144A can act as a promoter of systemic lupus erythematous

STING also plays an important role in autoimmune diseases, includ-
ing systemic lupus erythematosus (SLE), which is characterized by
high levels of type I IFNs and pro-inflammatory cytokines (Hasan
et al, 2015; Motwani et al, 2019). Therefore, we wondered whether
RNF144A was dysregulated in SLE. The involvement of RNF144A in
SLE was evaluated by the analysis of two large-scale gene expres-
sion profiles of leukocytes and peripheral blood mononuclear cells
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Figure 7. RNF144A deficiency impairs the translocation, dimerization, and complex formation of STING.

A-C Wild-type (WT) and Rnfl44a-deficient (KO) MEFs were infected with HSV-1 (MOl = 1) for 4 h. Afterward, the cells were fixed and labeled with STING (red) and
calnexin (ER marker, green) (A), P58 (ERGIC marker, green) (B), or GM130 (Golgi marker, green) (C) antibody. Scale bar: 10 pm (A, C); 20 um (B). Pearson’s correlation
coefficient was calculated using Image| software. Rr, Pearson’s correlation coefficient.

D HEK293T cells were transfected with the indicated plasmids. At 24 h after transfection, the cells were lysed and subjected to immunoprecipitation (IP) and
immunoblot (IB) assays.

E, F  Wild-type (WT) and Rnfl44a-deficient (KO) BMDMs (E) or MEFs (F) were infected with HSV-1 (MOI = 1), or left uninfected for the indicated periods. The nondena-
tured lysates were separated in native PAGE gel and then subjected to immunoblot assays.

G Wild-type (WT) and Rnfl44a-deficient (KO) MEFs were infected with HSV-1 (MOl = 1) for the indicated periods. Cell lysates were resolved by SDD-AGE and SDS—
PAGE and subjected to immunoblot assays.

H Wild-type (WT) and Rnfl44a-deficient (KO) MEFs were infected with HSV-1 (MOI = 1) for the indicated periods. Afterward, the cells were lysed and subjected to
immunoprecipitation (IP) and immunoblot (IB) assays.

Data information: Data shown are representative of at least three independent biological replicates.

Source data are available online for this figure.

(PBMCs) of 302 SLE patients and 27 healthy donors, including results indicated that RNF144A was upregulated in SLE patients
GSE37356 (Data ref: Ramsey-Goldman, 2012)and GSE45291 compared to healthy donors (Appendix Fig S2A). We then isolated
(Data ref: Bienkowska & Browning, 2013), and in both datasets, the PBMCs from both SLE patients and healthy donors and confirmed
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Figure 8. RNF144A promotes ubiquitination of STING at K236.

A HEK293T cells were transfected with the indicated plasmids. At 24 h after transfection, the cells were lysed and subjected to immunoprecipitation (IP) and

immunoblot (IB) assays.

B Luciferase activity in HEK293 cells transfected with an IFNB or ISRE luciferase reporter, together with plasmids as indicated.
C HEK293T cells were transfected with the indicated plasmids. At 24 h after transfection, the cells were lysed for immunoblot assays.
D, E HEK293T cells were transfected with the indicated plasmids. At 24 h after transfection, the cells were lysed and subjected to immunoprecipitation (IP) and

immunoblot (IB) assays.

F STING-deficient (KO) PMA-THP1 cells were overexpressed with the indicated plasmids. 24 h later, the cells were infected with HSV-1 for 24 h and then lysed for

ELISA assays.

G STING-deficient (KO) PMA-THP1 cells were overexpressed with the indicated plasmids. 24 h later, the cells were infected with HSV-1 for 8 h and then lysed for real-

time PCR assays.

H STING-deficient (KO) PMA-THP1 cells were overexpressed with the indicated plasmids. 24 h later, the cells were infected with HSV-1 for the indicated periods and

then lysed for immunoblot assays.

| STING-deficient (KO) PMA-THP1 cells were overexpressed with the indicated plasmids. 24 h later, the cells were infected with HSV-1 (MOI = 1) for 4 h. Afterward,
the cells were fixed and labeled with STING (green) and P58 (ERGIC marker, red) antibodies. Scale bar: 10 um. Pearson’s correlation coefficient was calculated using

Image] software. Rr, Pearson’s correlation coefficient.

Data information: Two-tailed unpaired Student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001. Data shown are from two (B) or at least three independent biological repli-
cates (A, C-I). In (B, F), each data point represents an independent biological replicate. In (G), each data point represents a technical replicate. Error bars are presented as

mean =+ SD.
Source data are available online for this figure.

the upregulation of RNF144A in the PBMCs from SLE patients, with
higher IFNB expression compared to that in healthy donors (Appen-
dix Fig S2B). These observations prompted us to investigate the role
of RNF144A in the regulation of type I IFN signaling in SLE patients.

© 2023 The Authors

PBMCs were isolated from SLE patients and transfected with
RNF144A-specific siRNA A2 or control siRNA. As shown in Appen-
dix Fig S2C, the mRNA levels of IFNB and IFIT1 were markedly

decreased in RNF144A-silenced PBMCs of SLE patients, and
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the expression levels of CXCL10 and CCLS also exhibited a trend
of downregulation by RNF144A knockdown, suggesting that knock-
down of RNF144A attenuated the type I IFN signaling response in
the PBMCs of SLE patients. Taken together, these data indicate that
RNF144A may function as an enhancer of the autoimmune diseases
like SLE.

Discussion

While the current study has uncovered several functions of
RNF144A, mainly related to its role in cell proliferation, apoptosis,
and cancer (Andrieu et al, 2017), the effect of RNF144A on innate
immune responses remains poorly understood. To our knowledge,
this is the first report to demonstrate the role of RNF144A in anti-
viral innate immune responses. In this study, we have mainly char-
acterized RNF144A as a positive regulator of DNA virus- or
exogenous DNA-triggered signaling pathways. We used HSV-1 to
establish an infection model with mice and cells. The exogenous
DNA that we selected to induce innate immune responses included
viral DNA (HSV60 and VACV70), HT DNA, ISD, and the cytosolic
DNA-analog poly (dA:dT). With the treatment of HSV-1 infection or
these commonly used types of DNA ligands, we observed the fol-
lowing findings. Firstly, RNF144A expression was induced by HSV-1
infection or viral DNA stimulation. Secondly, in an HSV-1-infected
mouse model, the deficiency of RNF144A caused a decrease in body
weight, survival rate, and antiviral immune responses in various
organs. Thirdly, at the cellular level, overexpression, knockdown,
or knockout of RNF144A in immune and non-immune cells yielded
consistent results showing that RNF144A restricted HSV-1 infection
and promoted antiviral innate immune responses. Based on these
findings, we conclude that RNF144A positively regulated DNA
virus- or exogenous DNA-triggered innate immune signaling
pathways.

The translocation of STING from the ER to perinuclear compart-
ments, including the Golgi, endosomes, and autophagy-related com-
partments, is essential for its function in innate immune signaling
pathways (Dobbs et al, 2015; Mukai et al, 2016; Taguchi
et al, 2021). In our study, we found that the deficiency of RNF144A
caused an increase in the ER retention of STING, and a decrease in
its redistribution to the ERGIC and Golgi apparatus, suggesting a
regulatory role of RNF144A in innate immune responses through
modulation of STING translocation. Although RNF144A also regu-
lated the dimerization and complex formation of STING, our investi-
gation revealed that RNF144A could not enhance the activation of
an IFN-B reporter induced by SAVI mutants, indicating that
RNF144A mainly regulated the activation of STING by its effect on
ER retention, rather than post-ER compartments. However, the exact
mechanisms underlying how RNF144A manipulated the redistribu-
tion of STING remain unclear. Although it is known that RNF144A
has a specific location in cells, including the membranes of the ER
and perinuclear vesicles, further studies are needed to clarify the
mechanisms by which RNF144A regulates the translocation of
STING.

Differently linked polyubiquitin chains are associated with
diverse physiological roles (Hertzog & Rehwinkel, 2020). While
K48- and K63-linked chains have been broadly investigated in the
past years, the other types of chains assembled through K6, K11,
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K27, K29, and K33 residues remain understudied (Tracz &
Bialek, 2021). K6-linked ubiquitination is involved in the regulation
of mitophagy and the DNA damage response, by controlling the deg-
radation, stability, and other non-degradative processes of target
proteins (Tracz & Bialek, 2021). In innate immunity, K6-linked
ubiquitination is involved in the binding of IRF3 to the promoter of
genes encoding type I IFNs, but the exact mechanism and the
involved E3 ligase remain unknown (Zhang et al, 2020). Upon HSV-
1 infection, TRIM13 has been reported to promote the K6-liked
ubiquitination of STING and its subsequent degradation, leading to
the negative regulation of antiviral innate immune responses (Ni
et al, 2018). In our study, we found that RNF144A also promoted
K6-linked ubiquitination of STING, but in a non-degradative pattern.
Instead, the Ko6-linked ubiquitination of STING promoted by
RNF144A was associated with the translocation of STING from the
ER to the Golgi. Therefore, this is the first report to demonstrate that
K6-linked ubiquitination regulates translocation and play a positive
regulatory role in antiviral innate immune responses.

Ubiquitination at distinct lysine residues of STING regulates its
function. For instance, MUL1 ubiquitinates STING on K224 via K63-
linked polyubiquitination, which facilitates optimal STING traffick-
ing and the transcription of host defense genes (Ni et al, 2017). In
our research, we demonstrated that RNF144A added K6 polyubi-
quitin to STING at K236. Compared to wild-type STING, the trans-
fection of the K236R mutant of STING resulted in weaker innate
immune responses. Furthermore, while RNF144A enhanced wild-
type STING-induced signal transduction, RNF144A barely increased
the activation of TBK1 and IFN-f reporter triggered by the transfec-
tion of the K236R mutant of STING. These findings indicate that
K236 of STING is important not only for its modification by
RNF144A but also for the full function of STING in antiviral
responses. We noticed that another two E3 ubiquitin ligases, auto-
crine motility factor receptor (AMFR) and TRIM32, also targeted
STING for ubiquitination at lysine residues including K236. AMFR
promoted the K27-linked polyubiquitination of STING, whereas
TRIM32 catalyzed the K63-linked polyubiquitination of STING
(Zhang et al, 2012; Wang et al, 2014). Interestingly, three different
E3 ubiquitin ligases target the same lysine residues for ubiquitina-
tion in different types.

Indeed, it would be fascinating to clarify the relationship
between RNF144A, AMFR, and TRIM32. However, despite the abil-
ity of exogenously expressed RNF144A to co-immunoprecipitate
with AMFR (Appendix Fig S3A), in HSV-1-infected THP1 cells, no
endogenous interaction between RNF144A and AMFR or TRIM32
was observed (Appendix Fig S3B), suggesting that the exogenous
interaction between RNF144A and AMFR may be artificial. Further,
we did not observe a significant effect of RNF144A on the interac-
tion between STING and AMFR or TRIM32 (Appendix Fig S3C).
When transfected with cGAS and STING, RNF144A, AMFR, and
Trim32 promoted cGAS-STING-induced IFN-f expression indepen-
dently (Appendix Fig S4D). However, RNF144A only slightly
enhanced AMFR- or TRIM32-induced IFN-B expression, and not as
effectively as RNF144A did by itself (Appendix Fig S3D). When
AMFR or Trim32 was knocked down, RNF144A still had a strong
impact on HSV-1-induced antiviral immune responses (Appendix
Fig S3E and F). However, in Rnfl44a-deficient MEFs, AMFR or
Trim32 knockdown only slightly inhibited HSV-1-induced antiviral
immune responses (Appendix Fig S3F), indicating that RNF144A
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might be required for the full function of AMFR and Trim32, but fur-
ther studies are needed to draw a conclusion.

In addition, Wang et al (2014) reported that using the two-step
immunoprecipitation assay, they failed to detect any ubiquitination
signal of STING in the presence of Trim32 and they considered that
Trim32 did not catalyze the polyubiquitination of STING per se but
might promote the poly-ubiquitination of other proteins in the
STING complex. In the same article, Wang et al (2014) identified
that other than K236, AMFR also promoted the ubiquitination of
STING at K137, K150, and K224. These results may suggest that
Trim32 and AMFR do not have to compete with RNF144A for the
modification of STING at K236 to exert their roles in signal transduc-
tion. In summary, our current findings indicate that these three mol-
ecules are all necessary for STING activation, but may function
through distinct mechanisms.

In addition to its essential role in DNA virus-triggered signaling
pathways, STING is involved in the immune response against RNA
viruses in a virus- and cell-type-specific manner. STING-deficient
mice were defective in antiviral signaling pathways to some RNA
viruses (Ni et al, 2018). Therefore, we wondered whether RNF144A
regulated RNA virus infection. However, upon infection with VSV
or SeV, at both the cellular and animal levels, the deficiency of
RNF144A did not cause significant differences in viral infection and
antiviral innate immune responses. One possible explanation is that
DNA virus infection leads to rapid ubiquitination and phosphoryla-
tion of STING, whereas RNA virus infection up-regulates the expres-
sion of STING and does not cause any post-translational
modifications nor the degradation of STING (Ni et al, 2018). How-
ever, more evidence is needed to confirm this theory.

Aberrant STING activation by self-DNA causes elevated levels
of type I IFNs, leading to inflammatory diseases such as SLE (Ahn
& Barber, 2014). Therefore, the inhibition of type I IFNs is consid-
ered a promising strategy in the treatment of SLE (Khamashta
et al, 2016; Furie et al, 2017). Our findings demonstrated that
RNF144A was significantly up-regulated in leukocytes and PBMCs
of SLE patients through integrative analysis of large-scale gene
expression profiles of two SLE cohorts. Consistently, PBMCs iso-
lated from SLE patients exhibited higher expression levels of
RNF144A and IFN-B. Considering RNF144A is a positive regulator
of the STING-mediated signaling pathway, RNF144A may serve as
a target for SLE treatment. As expected, knockdown of RNF144A
in the PBMCs from SLE patients decreased the production of type
I IFNs, ISG, and other proinflammatory cytokines, suggesting
RNF144A has the potential to be a target for treating aberrant type
I IFN activity in SLE patients.

Except for the effects in antiviral innate immunity and auto-
inflammatory diseases, emerging evidence indicates the involve-
ment of STING in antitumor immune response, and STING agonists
are currently being extensively developed as a new strategy for can-
cer treatment (Sokolowska & Nowis, 2018). The expression pattern
of RNF144A and its effects on STING-mediated signaling in cancer
cells remain unknown. Further clarification of the role of RNF144A
in the STING pathway in cancer cells may shed light on the develop-
ment of new cancer therapeutics.

In summary, our findings indicate that RNF144A acts as a new
positive regulator of STING-mediated antiviral innate immune
responses triggered by DNA viruses. RNF144A interacts with STING
and promotes its K6-linked ubiquitination at K236, leading to an

© 2023 The Authors
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increase in the translocation of STING from the ER to the Golgi
(Appendix Fig S4). These observations demonstrate that RNF144A
and the ubiquitination at K236 of STING are crucial for the regula-
tion of STING translocation and subsequent STING-mediated anti-
viral responses.

Materials and Methods
Mice

Rnfl44a-deficient C57/BL6 mice were purchased from Shanghai
Model Organisms. Mice were housed in a facility with access to food
and water and were maintained under a 12-h light/12-h dark cycle.
All animal procedures were performed according to guidelines
approved by the Committee on animal care at Xinxiang Medical Uni-
versity, China. The age- and sex-matched wild-type and RnfI44a-
deficient C57/BL6 mice were used in the experiments.

Isolation of peripheral blood mononuclear cells from SLE patients

PBMCs were isolated from the blood of SLE patients using Ficoll-
plaque (GE, 17144002). The study was conducted according to the
principles of the Declaration of Helsinki and approved by the Institu-
tional Review Board of the Medical Ethic Committee of the First
Affiliated Hospital of Xinxiang Medical University, in accordance
with its guidelines for the protection of human subjects. (Approval
Number [2021]-KY-079-01). Informed consent was obtained from all
subjects and the experiments conformed to the principles set out in
the WMA Declaration of Helsinki and the Department of Health and
Human Services Belmont Report.

cDNA constructs and reagents

Human RNF144A and its deletion mutants were amplified by PCR
using cDNA from THP1 cells and were subsequently cloned into a
pcDNA3 vector (Invitrogen). All RNF144A deletion mutants were
constructed by PCR and also subcloned into a pcDNA3 vector.
Human STING and its mutants, Ubi and its mutants, pIFN-B-Luc,
and ISRE-Luc were described previously (Yang et al, 2013, 2020a).

The following antibodies were used for immunoblot analysis or
immunoprecipitation: anti-Flag (F3165, Sigma-Aldrich), anti-HA
(901515, Biolend), anti-Myc (66004-1-Ig, Proteintech), anti-IFI16
(sc-8023, Santa Cruz), anti-cGAS (26416-1-AP, Proteintech),
anti-STING (19851-1-AP, Proteintech), anti-p-TBK1 (5483T, Cell Sig-
naling Technology), anti-TBK1 (CSB-PA024154LA01HU, Flarbio),
anti-p-IRF3 (4947, Cell Signaling Technology), anti-IRF3 (11312-1-
AP, Proteintech), anti-p-p65 (3033, Cell Signaling Technology), anti-
p65 (10745-1-AP, Proteintech), anti-RNF144A (26144-1-AP, Protein-
tech; sc-393432, Santa Cruz Biotechnology), anti-Ubi (sc-8017, Santa
Cruz Biotechnology), anti-p-tubulin (10068-1-AP, Proteintech), anti-
Histone H3 (CSB-PA010109LAO1HU, Flarbio), and anti-p-actin
(60008-1, Proteintech).

The PMA (S1819) was purchased from Beyotime Biotechnology.
C-176 (S6575) was obtained from Selleck. The poly(dA:dT) (tlrl-
patn), HSV60 (tlrl-hsv60n), cGAMP (tlrl-nacga23), and poly(I:C)
(tIrl-picw) were obtained from InvivoGen. Herring testis (HT) DNA
(D6898) was purchased from Sigma. VACV70 was synthesized by
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GENEWIZ. The sequence was as follows: 5-CCATCAGAAAGA
GGTTATATATTTTTGTGAGACCATGGAAGAGAGAGAAAGAGAT
AAAACTTTTTTACGACT-3'.

Cell culture, transfection, and stimulation

HEK293T and THP1 cells were kindly provided by Stem Cell Bank,
Chinese Academy of Sciences. HaCaT keratinocytes were purchased
from Procell Life Science & Technology Co., Ltd., (Wuhan, China).
IFI16-deficient THP1 cells (thpd-koifil6) and STING-deficient THP1
cells (thpd-kostg) were purchased from InvivoGen. cGAS-deficient
HeLa cells were kindly provided by Zhiduo Liu (Shanghai Jiao Tong
University). HaCaT, HeLa, and HEK293T cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM). THP1 cells were
grown in RPMI 1640. PMA-THP1 cells referred to THP1 cells that
were pretreated with 100 ng/ml PMA for 24 h. All cells were supple-
mented with 10%FBS (Gibco), 4 mM L-glutamine, 100 pg/ml peni-
cillin, and 100 U/ml streptomycin under humidified conditions with
5% CO, at 37°C. Transfection of HaCaT, HeLa, HEK293T, THP1, and
MEF cells was performed with Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions.

Preparations of PMs, BMDMs, and MEFs

PMs, BMDMs, and MEFs were obtained from wild-type or Rnfl44a-
deficient female C57/BL6 mice. The procedure for generating PMs,
BMDMs, and MEFs has been described previously (Yang et al, 2021).

Immunoprecipitation and immunoblot analysis

Immunoprecipitation and immunoblot analysis were performed as
described previously (Wang et al, 2015).

IRF3 dimerization assay

IRF3 dimerization assay was performed as described previously
(Wang et al, 2023a).

Real-time PCR

Total RNA was extracted from the cultured cells with TRIzol reagent
(Invitrogen) as described by the manufacturer. All gene transcripts
were quantified by real-time PCR with SYBR Green qPCR Master
Mix using a 7500 Fast real-time PCR system (Applied Biosystems).
The relative fold induction was calculated using the 27*2¢ method.
The primers used for real-time PCR were described previously
(Wang et al, 2023b) and shown in Appendix Table S1.

ELISA

THP1 cells or HaCaT Kkeratinocytes were infected with viruses or
transfected with synthetic nucleic acids for 24 h. The supernatants
were collected for measurement of IFN-$ (KE00187, Proteintech) and
TNF-a (88-7346-88, Thermo Fisher Scientific). 8-week-old wild-type
mice were infected with HSV-1, VSV or SeV for 6 h. Then the serum
of mice was collected for measurement of IFN-p (R&D), TNF-a (88-
7323-88, Thermo Fisher Scientific), and IL-6 (88-7064-88, Thermo
Fisher Scientific) by ELISA.
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RNA interference

RNF144A Stealth-RNAi siRNA was designed by the Invitrogen
BLOCKIiT RNAi Designer. The small interfering RNA (siRNA)
sequences were as follows:

Al:  Forward, 5'-GCAAGUGCAGUAAAGGUGACGACGA-3';
Reverse, 5-UCGUCGUCACCUUUACUGCACUUGC-3'.

A2: Forward, 5'-GAGUACCCAGUGGAGCAGAUGACAA-3';
Reverse, 5-UUGUCAUCUGCUCCACUGGGUACUC-3'.

A3: Forward, 5'-GCCUGAAACAGUAUGUUGAGCUCUU-3;
Reverse, 5-AAGAGCUCAACAUACUGUUUCAGGC-3'.

The Silencer Select negative control siRNA was purchased from
Invitrogen (Catalog no. 4390843). PMA-THP1 cells were transfected
with siRNA using Lipofectamine 2000 according to the manufac-
turer’s instructions. At 24 h after transfection, the cells were used
for further experiments.

Viruses and infection

Cells were infected with HSV-1 (KOS strain, multiplicity of
infection of 1) for 1.5 h. Then the cells were washed with PBS
and cultured in fresh media. In the mouse model, age- and sex-
matched groups of mice were intravenously infected with HSV-1.
HSV-1 viral titer was determined by the plaque-forming assay on
Vero cells.

The infection of VSV was performed as described previously
(Yang et al, 2021).

Luciferase reporter gene assay

Luciferase reporter gene assays were performed as described previ-
ously (Wang et al, 2017).

Confocal microscopy

After treatment, THP1, HeLa, and MEF cells were fixed with 4% PFA
in PBS, permeabilized with Triton X-100, and then blocked with 1%
BSA in PBS. Nuclei were stained with 4, 6-diamidino-2-phenylindole
(DAPI). Images were taken using Nikon A1R microscopy.

In situ PLA

In situ PLA assay was performed as described previously (Wang
et al, 2023b).

RNA-seq analysis

After HSV-1 stimulation for 4 h, total RNA was extracted from con-
trol and Rnfl44a-deficient MEF cells using the TRIzol reagent.
Library preparation and sequencing were performed by BGI
(Shenzhen, China). To take an insight into the change of phenotype,
GO (http://www.geneontology.org/) and KEGG (https://www.kegg.
jp/) enrichment analysis of annotated different expressed genes was
performed by Dr. Tom (https://biosys.bgi.com/). The significant
levels of terms and pathways were corrected by Q value with a rig-
orous threshold (Q value < 0.05) by Bonferroni. All RNA-seq data
have been deposited in the NCBI database and are publicly avail-
able. The accession number is PRINA972845.
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Nuclear extracts

The nuclear extracts were prepared as described previously (Yang
et al, 2018).

Statistics

The data are presented as the means + SD from at least three inde-
pendent experiments. The statistical comparisons between the dif-
ferent treatments were performed using the unpaired Student t-test,
and P < 0.05 was considered statistically significant.

Data availability

RNA-seq data: Sequence Read Archive PRINA972845 (https://
www.ncbi.nlm.nih.gov/sra/PRINA972845).

Expanded View for this article is available online.
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Figure EV2. RNF144A deficiency impairs DNA
virus or exogenous cytosolic DNA-triggered
innate immune responses in PMs.

A Wild-type (WT) and Rnfl44a-deficient (KO)
PMs were infected with HSV-1 (MOI = 1) for
24 h. The titers of HSV-1 were determined by
standard plaque assay.

B Wild-type (WT) and Rnfl44a-deficient (KO)
PMs were infected with HSV-1 (MOI = 1) for
8 h. The cells were lysed for real-time PCR
assays.

C  Wild-type (WT) and Rnfl44a-deficient (KO)
PMs were transfected with HSV60 (1 pg/ml),
ISD (1 pg/ml), VACV70 (1 pg/ml), or HT-DNA
(@ pg/ml) for 8 h. The cells were lysed for real-
time PCR assays.

D  Wild-type (WT) and Rnfl44a-deficient (KO)
PMs were infected with HSV-1 (MOl = 1) for
24 h. The supernatants were collected and
subjected to ELISA assays.

E, F Wild-type (WT) and Rnfl44a-deficient (KO)
PMs were infected with HSV-1 (MOl = 1) (E) or
transfected with HSV60 (1 pg/ml) (F) for the
indicated periods. Native-PAGE and SDS—PAGE
assays were then performed.

G Wild-type (WT) and Rnfl44a-deficient (KO)
PMs were infected with HSV-1 (MOI = 1) for
the indicated periods. Native-PAGE and SDS—
PAGE assays were then performed.

Data information: Two-tailed unpaired Student’s t-
test, *P < 0.05, **P < 0.01, ***P < 0.001. Data
shown are from two (A, D) or at least three
independent biological replicates (B, C, E=G). In (B,
C), each data point represents a technical replicate.
In (A, D), each data point represents an independent
biological replicate. Error bars are presented as
mean £ SD.

Source data are available online for this figure.
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Figure EV3. RNF144A does not affect RNA virus- or cytosolic RNA-triggered innate immune responses.

A Sex and age-matched wild-type (WT) and Rnfl44a-deficient (KO) mice (n = 7, 8-week-old) were intravenously infected with VSV (5 x 10’PFU). The body weight loss
was monitored for 10 days.

B Wild-type (WT) (n = 3) and Rnfl44a-deficient (KO) (n
of the mice were subjected to real-time PCR assays.

C Serum IFN-p and IL-6 were determined by ELISA in wild-type (WT) (n = 3) and Rnfl44a-deficient (KO) (n = 3) mice 6 h after intravenous infection with VSV or SeV.

D Wild-type (WT) (n = 3) and Rnfl44a-deficient (KO) mice (n = 3) were intranasally infected with VSV (5 x 107 PFU) for 24 h. Bronchoalveolar lavage fluid (BALF) was
collected and ELISA assays were performed.

E Following homogenization, the lung suspensions in (D) were centrifuged, and the supernatants were subjected to ELISA assays.

F  Wild-type (WT) and Rnfl44a-deficient (KO) MEFs were infected with VSV (MOl = 1), SeV (5 HA units/ml), or transfected with poly(l: C) (1 pg/ml) for 8 h. The cells were
then lysed for real-time PCR assays.

G Wild-type (WT) and Rnfl44a-deficient (KO) MEFs were infected with VSV (MOl = 1) for 24 h. The supernatants were collected and subjected to ELISA assays.

H  Wild-type (WT) and Rnf144a-deficient (KO) MEFs were infected with VSV (MOl = 1), SeV (5 HA units/ml), or transfected with poly(l: C) (1 pg/ml) for the indicated
periods and then the cells were lysed for immunoblot assays.

= 3) mice were intravenously infected with VSV (5 x 107 PFU) for 24 h and then the lungs, livers, and spleens

Data information: Two-tailed unpaired Student’s t-test, n.s., not significant (P > 0.05). Data are representative of at least three independent biological replicates. In (F),
each data point represents a technical replicate. In (B-E, G), each data point represents an independent biological replicate. Error bars are presented as mean =+ SD.
Source data are available online for this figure.
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Figure EV4.
A

RNF144A regulates STING-mediated signaling pathways.

subjected to ELISA assays.

Wild-type (WT) and Rnfl44a-deficient (KO) MEFs were transfected with HSV60 (1 pg/ml) or HT DNA (1 pg/ml) for 24 h. The supernatants were collected and

B Wild-type (WT) and cGAS-deficient (KO) HelLa cells were lysed for immunoblot assays.

C cGAS-deficient (KO) Hela cells were transfected with control siRNA (SC) or RNF144A-specific siRNA (A2) for 24 h and then infected with HSV-1 or transfected with
cGAMP (1 pg/ml) for 8 h. The cells were lysed for immunoblot assays.

D Wild-type (WT) and IF/16-deficient (KO) PMA-THP1 cells were lysed for immunoblot assays.

E, F IFI16-deficient (KO) PMA-THP1 cells were transfected with control siRNA (SC) or RNF144A-specific sSiRNA (A2) for 24 h and then infected with HSV-1 (MOI = 1) for
the indicated periods. Afterward, the cells were lysed for real-time PCR (E) or immunoblot assays (F).

G IFI16-deficient (KO) PMA-THP1 cells were transfected with control siRNA (SC) or RNF144A-specific siRNA (A2) for 24 h and then infected with HSV-1 (MOI = 1) for
24 h. The supernatants were collected and subjected to ELISA analysis.

H,1 Wild-type (WT) and Rnfl44a-deficient (KO) MEFs were treated with C-176 (1 pM) or left untreated for 24 h and then infected with HSV-1 (MOl = 1) for 8 h.

Afterward, the cells were lysed for real-time PCR (H) or immunoblot assays (l).

J STING-deficient (KO) PMA-THP1 cells were transfected with control siRNA (SC) or RNF144A-specific sSiRNA (A2) for 24 h and then infected with SeV for the indicated

periods. Afterward, the cells were lysed for real-time PCR assays.

Afterward, the cells were lysed for real-time PCR assays.
L, M

STING-deficient (KO) PMA-THP1 cells were transfected with control siRNA (SC) or RNF144A-specific siRNA (A2) for 24 h and then infected with HSV-1 for 8 h.

8 STING-deficient (KO) PMA-THP1 cells were transfected with control siRNA (SC) or RNF144A-specific siRNA (A2) for 24 h and then infected with GFP-HSV-1 for 24 h.
Afterward, the cells were subjected to image acquisition (L) or immunoblot assays (M). Scale bar: 200 um (L). White: bright field microscopy (L).

Data information: Two-tailed unpaired Student’s t-test, *P < 0.05, **P < 0.01, n.s., not significant (P > 0.05). Data shown are representative of at least three
independent biological replicates. In (E, H, J, K), each data point represents a technical replicate. In (A, G), each data point represents an independent biological replicate.

Error bars are presented as mean =+ SD.
Source data are available online for this figure.

EV4  EMBO reports e57528 | 2023

© 2023 The Authors



Bo Yang et al EMBO reports

B HEK293T Ve

Y C rekosst & D svom _wr

IS
FlagRNF144A - <" S0 FlagRNF144A - 'V HSV-1M 0 24 8 KD
Myc STING+ + o+ o+ Myc-STING + + + q
A-Ubi+ + + + KD HA-Ubi_+ + + p 180
|B:anti-Ubi ~130
180 ) ; 180 2 ~100
< o IB:anti-HA 139 enti-HA 100 F T o
3 By 70 E‘ 70 2 55
E a . L 55 a - 55 =liB:anti-STING[ s #% s w w0 w| 35
x IB:anti-MyClem «= e» e=] 35 anﬁ-Myc|EL35
g gllh%s
= B-anfiHA N0 " IB:anti-Ubi 100
) s 70 anti-HA w100 70
g 2| F55 55
£|igianti g —————— )
IB:anti-Myc[s= == «= «=] 35 & 35
IBianti-Flag__ === =] 5o |[AUMYCl=—==l35 |B:anti-RNF144A[m mmmr | e
antl-FIagEl_
PM WL KO . * E1+ATP+Ub+HA-STING
HSV-1(h) 0 4 8 0 4 8KD F ,ewooar SO G .
B PlL1so FlagRNF144A - PO R4 &
I P30 Myc-STING + + + + Flag-RNF144A _-  WT c¥ oY
 Ubi HA-Ubi-K6 + + + + gp E2 Ubc H_5a 5c¢ 5a 5¢ 5a5¢ 5a 5¢ KD
anti-Ubi L 00
2 70 180
5 anti-HA 130
@ o155 ¢ anti-Ubi 100
“lanti-STING (S s an 0 @@ @ 5 =z 70
& 55
anti-Myc
H n n n r‘_180 ’ anti-Flag|
~130 Flag[ ewesew e <=l o5
anti-Ubi ! 180 anti-HA [me= == —=|35
» ' 100 ) 130
5 | _[EHA | | HEK293T  IP:Myc Input
£ ] Flag-RNF144A =~ + - + = + - +
-55 el . 55 yc-STING + + + + + + + +
anti-STING  [== = - = « =| 35 —ant!—Myc 35 HA-Ubi-K6 + + + + + + + +
anti-RNF144A - o o L5 lanti-Flag| - -l BFA + + - -+ +
H MEF
54 Ifnb 200007 Cxcl10 2004/fit1 anti-HA - | 1 1 1
*% * *k
€3 2 15000 & 150 e '
22 10000 ns, 100 s .
81 ns5000 . 50 " i-Myc| == = e -
& 0 . anti- Y| e - - - - - -
= 7 VoK Hf\:—1 HSV-1 Mook HSV-1 Voo antiFlag. @8 W35
51283 Ccl5  **  300Tnf . *WT-DMSO =RNF144A  HEK293T
[ b 200 : 2KO-DMSO >207IFNB 257ISRE
] K > s
£ 400 ns.10p s CWIBFA  F15 . %
S 200 il *KO-BFA 210 . 1
® 0ok HsV-T O Mook HSV-1 25 HH |-'| 10
£ Ll LILANI
o 0- I‘:_) @ S 0 o \‘&\ S N
3 s 3 3@ o 3
O ;\"o .\6 o W e\ﬁb‘\\,\b

N
"o«

Figure EV5. RNF144A promotes the ubiquitination of STING and regulates its translocation.

A MEFs were transfected with expressing plasmids for Flag-RNF144A. At 24 h after transfection, MEFs were infected with HSV-1 (MOI = 1) or left uninfected for 8 h.
Immunofluorescence assays were performed using anti-STING (green) and anti-Flag (red). Nuclei were stained with DAPI. Scale bar: 10 pm. Pearson’s correlation
coefficient was calculated using Image] software. Rr, Pearson’s correlation coefficient.

B, C HEK293T cells were transfected with the indicated plasmids. At 24 h after transfection, the cells were lysed and subjected to immunoprecipitation (IP) and
immunoblot (IB) assays.

D, E Wild-type (WT) and Rnfl44a-deficient (KO) BMDMs (D) or PMs (E) were infected with HSV-1 (MOI = 1) for the indicated periods. Afterward, the cells were lysed
and subjected to immunoprecipitation (IP) and immunoblot (IB) assays.

F HEK293T cells were transfected with the indicated plasmids. At 24 h after transfection, the cells were lysed and subjected to immunoprecipitation (IP) and
immunoblot (IB) assays.

G Immunoblot analysis of STING ubiquitination in vitro. STING, wild-type RNF144A, and its mutants were quickly translated in vitro. Then, the biotin-ubiquitin E1
and indicated E2s were added for the in vitro ubiquitination assays.

H Wild-type (WT) and Rnfl44a-deficient (KO) MEFs were treated with BFA (5 pg/ml) or left untreated for 3 h and then infected with HSV-1 (MOl = 1) for 8 h.
Afterward, the cells were lysed for real-time PCR assays.

| HEK293T cells were transfected with the indicated plasmids. At 24 h after transfection, the cells were treated with BFA (5 pg/ml) or left untreated for 3 h.
Afterward, the cells were lysed and subjected to immunoprecipitation (IP) and immunoblot (IB) assays. *Heavy chain of the antibody.

J Luciferase activity in HEK293 cells transfected with an IFNB or ISRE luciferase reporter, together with plasmids as indicated.

Data information: Two-tailed unpaired Student’s t-test, *P < 0.05, **P < 0.01, n.s., not significant (P > 0.05). Data shown are from two (J) or at least three independent
biological replicates (A-l). In (H), each data point represents a technical replicate. In (J), each data point represents an independent biological replicate. Error bars are
presented as mean =+ SD.

Source data are available online for this figure.
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Appendix Figure S1 RNF144A deficiency impairs the expression of type | IFNs,

b © w o ®

proinflammatory cytokines, and 1SGs

(A) Volcano plots comparing gene expression in wild-type (WT) versus RNF144A-
deficient (KO) MEFs after HSV-1 (MOI = 1) infection for 8 h.

(B) Heatmap depiction of differentially expressed genes in wild-type (WT) versus
RNF144A-deficient (KO) MEFs.

(C) GSEA analysis of cytosolic DNA sensing pathway and HSV-1 infection relative to
wild-type (WT) versus RNF144A-deficient (KO) MEFs. Enrichment plots were shown
along with the normalized enrichment score and p-value.

(D) KEGG analysis through Dr. Tom (https://biosys.bgi.com/) for genes significantly
down-regulated (log2 = 1, p <0.05) after HSV-1 (MOI = 1) infection for 8 h.

(E) Heatmap view of mRNA variations in type | IFNs, 1SGs, and proinflammatory

cytokines (log2 = 1).
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Appendix Figure S2 RNF144A may act as a promoter of systemic lupus
erythematous

(A) The expression comparison of RNF144A in the monocytes and whole blood cells
between SLE patients and healthy donors across four SLE cohorts.

(B) PBMCs were isolated from the blood sample of healthy donors (n=4) or SLE
patients (n=10). The cells were lysed for real-time PCR analyses.

(C) PBMCs were isolated from the blood sample of SLE patients (n=8). PBMCs were
transfected with control sSiRNA (SC) or RNF144A-specific SIRNA (A2) for 24 h, Then,
RNF144A, IFNB, CXCL10, IFIT1, and CCL5 mRNA were measured by real-time PCR.
Data information: *p < 0.05 and **p < 0.01; p values are calculated using two-tailed
unpaired Student’s t test. Data are representative of at least three independent biological
replicates. Each data point represents an independent biological replicate. Error bars are

presented as mean =SD. Source data for this figure are available online.
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Appendix Figure S3. The relationship between RNF144A, AMFR, and Trim32.
A) HEK293T cells were transfected with the indicated plasmids. At 24 h after
transfection, immunoprecipitation (IP) and immunoblot (IB) assays were performed as
indicated.

B) PMA-THP1 cells were treated with Fludarabine, and infected with HSV-1 for 0, 4,
8 h. The immunoprecipitation (IP) and immunoblot (IB) assays were performed as
indicated.

C) HEK293T cells were transfected with indicated plasmids. At 24 h after transfection,
immunoprecipitation (IP) and immunoblot (IB) assays were performed as indicated.
D) HEK293T cells were transfected with the indicated plasmids. At 24 h after
transfection, IFN-B expression was detected by real-time PCR assays.

E) MEFs were transfected with control siRNA (SC), Trim32-specific SiRNA (si-
Trim32), or AMFR-specific siRNA (si-AMFR). At 24 h after transfection, the



immunoblot assays were performed as indicated.

F) MEFs were transfected with control siRNA (SC), Trim32-specific sSiRNA (si-
Trim32), or AMFR-specific siRNA (si-AMFR). At 24 h after transfection, the cells
were infected with HSV-1 (MOI=1) for 8 h and then the real-time PCR assays were

performed as indicated.

Data information: *p < 0.05, **p < 0.01, ***p < 0.001 and n.s., not significant (p >
0.05); p values are calculated using two-tailed unpaired Student’s t test. Data are
representative of at least three independent biological replicates. In (D, F), each data
point represents a technical replicate. Error bars are presented as mean =SD. Source

data for this figure are available online.
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Appendix Figure S4. The working model of the positive regulation of cGAS-
STING signaling pathway by RNF144A.



Appendix Table S1 Primers for real-time PCR assays

Gene Primer sequence (5°—3”) Primer sequence (5°—3’)

name Forward (SP) Reverse (AS)

Human TACACCAGTGGCAAGT | ACACACTTGGCGGTTCTTTC
CCL5 GCTC

Human GGTGAGAAGAGATGTC | GTCCATCCTTGGAAGCACTGC
CXCL10 | TGAATCC A

Human TCAACGACCACTTTGTC | GCTGGTGGTCCAGGTCTTACT
GAPDH AAGCTCA

Human GCCATTTTCTTTGCTTC | TGCCCTTTTGTAGCCTCCTTG
IFIT1 CCCTA

Human CACGACAGCTCTTTCCA | AGCCAGTGCTCGATGAATCT
IFNB TGA

Human GAGCAGATGACAACCA | TGCACTCAATCTCGTTCTCCT
RNF144A | TAGCC

Human GGCGTGGAGCTGAGAG | GGTGTGGGTGAGGAGCACAT
TNF ATAAC

Mouse TCACCATATGGCTCGGA | TTGGCACACACTTGGCGGTTC
Ccl5 CACCAC

Mouse ATCATCCCTGCGAGCCT | GACCTTTTTTGGCTAAACGCT
Cxcl10 ATCCT TTC

Mouse ACGGCCGCATCTTCTTG | ACGGCCAAATCCGTTCACACC
Gapdh TGCA

Mouse ACAGCAACCATGGGAG | ACGTAGGCCAGGAGGTTGTGC
Ifitl AGAATGCTG AT

Mouse TCCTGCTGTGCTTCTCC | AAGTCCGCCCTGTAGGTGAGG
Ifnb ACCACA TT




Mouse 116 | GCTACCAAACTGGATAT | CCAGGTAGCTATGGTACTCCA
AATCAGGA GAA

HSV-1 TGGGACACATGCCTTCT | ACCCTTAGTCAGACTCTGTTA

gDNA TGG CTTACCC

HSV-1 AGAGGGACATCCAGGA | CAGGCGCTTGTTGGTGTAC

UL30 CTTTGT
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