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SUMMARY

Post-translational modifications (PTMs) of proteins are crucial to guarantee the proper biological functions in
immune responses. Although protein phosphorylation has been extensively studied, our current knowledge
of protein pyrophosphorylation, which occurs based on phosphorylation, is very limited. Protein pyrophos-
phorylation is originally considered to be a hon-enzymatic process, and its function in immune signaling is
unknown. Here, we identify a metabolic enzyme, UDP-N-acetylglucosamine pyrophosphorylase 1 (UAP1),
as a pyrophosphorylase for protein serine pyrophosphorylation, by catalyzing the pyrophosphorylation of
interferon regulatory factor 3 (IRF3) at serine (Ser) 386 to promote robust type | interferon (IFN) responses.
Uap1 deficiency significantly impairs the activation of both DNA- and RNA-viruse-induced type | IFN path-
ways, and the Uap7-deficient mice are highly susceptible to lethal viral infection. Our findings demonstrate
the function of protein pyrophosphorylation in the regulation of antiviral responses and provide insights

into the crosstalk between metabolism and innate immunity.

INTRODUCTION

Innate immune response induced by pathogen-associated
molecular patterns (PAMPs) is the first line of host immune
defenses." Upon viral infection, pattern recognition receptors
(PRRs) are employed to detect viral nucleic acids and then hierar-
chically trigger the signaling cascades, leading to the activation of
downstream transcription factors, including interferon (IFN) regu-
latory factor 3 (IRF3) and nuclear factor k-light-chain enhancer of
activated B cells (NF-«B), to produce type | IFNs and proinflam-
matory cytokines. Secreted IFNs induce the transcription of hun-
dreds of IFN-stimulated genes (ISGs), thus establishing the innate
immune state against invading microbes.?*® The innate immune
signaling must be activated in a timely manner to establish effec-
tive immunity to pathogens and then turned off to avoid excessive
and potentially harmful immune responses.

Since immune cells experience dynamic and adaptive meta-
bolic changes throughout their life cycles, metabolic program-
ming in immune cells has become as an important determinant
for immune recognition, signaling and responses through
distinct signaling pathways.”> Post-translational modification
(PTM) of proteins by metabolites is the key output for metabolic
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change in innate immunity.® It has been reported that palmitoy-
lation of STING (stimulator of interferon genes) at the Golgi is
essential for activation of STING to provoke type | IFN produc-
tion.” O-GlcNAcylation of MAVS (mitochondrial antiviral
signaling protein) is required for K63-linked ubiquitination of
MAVS and subsequent downstream antiviral signaling activa-
tion.® Although a set of PTMs has been uncovered to modulate
innate immunity in different contexts, the function and underlying
regulatory mechanisms of non-canonical metabolic modifica-
tions in innate immune responses remain poorly defined.
Protein pyrophosphorylation is a newly discovered PTM driven
by inositol pyrophosphates.”'® It is currently believed that
protein pyrophosphorylation is generated by a two-step reac-
tion: the serine residue is first phosphorylated by kinase that pro-
vides a phosphoserine/phosphotyrosine residue and then
diphosphoinositol pentakisphosphate (IP;) transfers the 3-phos-
phate group to the phosphoserine/phosphotyrosine through the
Mg?* cofactor.”" Up to now, little is known about the role of pro-
tein pyrophosphorylation in cell signaling and the enzyme
responsible for protein pyrophosphorylation has not been
identified, thus protein pyrophosphorylation is considered
to be a non-enzymatic process. It has been reported that
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pyrophosphorylation of B subunit of adapter protein 3 prevents
its interaction with kinesin-like protein 3A, thereby inhibiting
HIV-1-virus-like particles release from the host cells.'® Another
report showed that pyrophosphorylation of dynein serves as a
regulatory signal to enhance dynein-driven transport.'® Whether
immune factors can undergo protein pyrophosphorylation has
not been explored yet.

Here, we identified UDP-N-acetylglucosamine pyrophosphor-
ylase 1 (UAP1) as a positive regulator of innate immune
responses against viruses. Overexpression of UAP1 facilitated
the antiviral innate immune signaling and Uap1 deficient mice
produced less type | IFNs and were highly susceptible to lethal
viral infection. Furthermore, we found that UAP1 directly cata-
lyzed the pyrophosphorylation of IRF3 as a pyrophosphorylase.
UAP1-mediated IRF3 pyrophosphorylation at Ser 386 was a
required step for its subsequent phosphorylation of Ser 396 as
well as the dimerization of IRF3. Taken together, our findings
uncovered UAP1 as an important pyrophosphorylase for IRF3
pyrophosphorylation to promote the activation of type | IFN
signaling and innate antiviral responses.

RESULTS

UAP1 is an essential positive regulator of type | IFN
signaling

To delineate the comprehensive roles of metabolism-related
enzymes and metabolic modification in innate immunity, we
investigated the functions of a panel of glucose metabolism-
related genes (GMRGs) through a single-guide RNAs (sgRNAs)
screening system (Figure S1A). Among them, we identified
UAP1 as a potent positive regulator that specifically modulates
antiviral immunity (Figures S1B and S1C). UAP1 is the pyrophos-
phorylase in the last step of hexosamine biosynthetic pathway
(HBP) and catalyzes the reaction of UTP and GIcNAc-1-P to
synthesize diphosphate and UDP-GIcNAc, respectively.'*'®
Whether UAP1 functions in the regulation of immune responses
is unknown.

We performed IFN-B and IFN-stimulated response element
(ISRE) promoter-driven luciferase reporter assay and found that
UAP1 potently enhanced type | IFN activation in a dose-depen-
dent manner under infection of influenza virus (H1N1), Sendai vi-
rus (SeV), or vesicular stomatitis virus (VSV), or treatment with
intracellular (IC) poly (I:C) or poly (dA:dT) (Figure S1D). Ectopic
UAP1 enhanced IRF3 phosphorylation upon SeV infection (unless
otherwise noted, phosphorylation of IRF3 was detected at posi-
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tion S396), while UAP1 deficiency showed an opposite effect
(Figures 1A and S1E). In addition, we found that knockdown of
UAP1T resulted in less expression of IFNB and ISG15 mRNAs
upon SeV infection compared with control group (Figure 1B). To
further assess the antiviral ability of UAP1, we infected wild type
(WT) and UAP7-knockdown A549 cells with VSV-eGFP or HSV-
1-eGFP and observed a markedly enhanced viral load in UAP1-
knockdown A549 cells through fluorescence microscopy and
flow cytometry analysis (Figures 1C and 1D).

To determine the role of UAP1 under physiological conditions,
we efficiently knocked down UAP7 in human peripheral blood
mononuclear cells (PBMCs) and found that UAP1 deficiency
markedly inhibited IRF3 phosphorylation under SeV or HSV-1
infection (Figure 1E). Furthermore, the expression of IFNB and
ISG15 mRNAs were markedly reduced upon SeV or HSV-1 infec-
tion in UAP1 knockdown PBMCs (Figure 1F). Additionally,
knockdown of UAP17 in PBMCs significantly decreased IFN-$
secretion induced by SeV, HSV-1, H1N1, Dengue virus (DENV),
or Zika virus (ZIKV) (Figure S1F). Taken together, these results
suggest that UAP1 is a universal positive regulator of type | IFN
signaling against viral infection.

Uap1 deficiency inhibits antiviral immunity in vivo

To further unveil the function of UAP1 in virus-triggered innate
immune signaling, we generated Uap7-deficient mice using a
CRISPR-Cas9-based system (Figure S2A). According to the
IMPC (International Mouse Phenotyping Consortium) datasets
(https://www.mousephenotype.org/), Uap1~/~ embryos die at
organogenesis (E9.5). We counted 88 mice and found 29 WT
(Uap1**), 59 heterozygote (Uap7*~) and 0 homozygote
(Uap1~/7) offspring. Genotype ratio of the offspring matched
the Mendel’s law of inheritance, implicating that Uap7 deletion
is incompatible with normal mouse embryonic development (Fig-
ure S2B). Interestingly, we found the protein level of UAP1 is
markedly reduced in Uap?*/~ bone-marrow-derived macro-
phages (BMDMs), bone-marrow-derived dendritic cells
(BMDCs) and peritoneal macrophages (PEMs) (Figure S2C), sug-
gesting Uap1*/~ mice is a good knockdown model to study the
function of UAP1 in vivo.

We next infected BMDMs with SeV or HSV-1 and found
that Uap1 deficiency markedly inhibited the phosphorylation
levels of IRF3 other than TBK1 (TANK-binding kinase 1) (Fig-
ure 2A). Global RNA sequencing (RNA-seq) analysis was used
to identify genes and pathways regulated by UAP1. Gene
ontology enrichment analysis showed significant enrichment

Figure 1. UAP1 positively regulates virus-induced type | IFN signaling

(A) Immunoblot analysis of A549 cells transfected with control siRNA (siCtrl) or UAP1-specific siRNA (siUAPT), followed by infection with SeV (multiplicity of
infection [MOI] = 1) for indicated time periods with the indicated antibodies.

(B) Quantitative reverse transcription and polymerase chain reaction (qQRT-PCR) analysis of IFNB, ISG15, and UAPT mRNAs in A549 cells treated with siCtrl or
siUAP1, followed by infection with SeV (MOI = 1) for indicated time periods.

(C and D) Phase-contrast (PH) and fluorescence microscopy (C) and flow cytometric analysis (D) of A549 cells transfected with siCtrl or siUAP1, and then infected
with VSV-eGFP (MOI = 1) or HSV-1-eGFP (MOI = 1). Scale bars, 50 um.

(E) Immunoblot analysis of peripheral blood mononuclear cells (PBMCs) transfected with siCtrl or siUAP1, followed by SeV (MOI = 1) or HSV-1 (MOI = 1) infection,
at indicated time periods.

(F) gRT-PCR analysis of IFNB and ISG15 mRNA levels in PBMCs transfected with siCtr/ or siUAP1, followed by infection with SeV (MOI = 1) or HSV-1 (MOI = 1) at
indicated time periods.

Data in (B) and (F) are expressed as mean + SEM of three independent experiments. p values were determined by unpaired two-tailed Student’s t test. All other
experiments are representatives of three independent biological experiments with similar results.
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for immune-response functions and metabolism (Figures S2D
and S2E). The heatmap of antiviral-related genes also revealed
that Uap1 deficiency inhibited a variety of ISGs upon viral infec-
tion (Figures 2B and S2F), which are also defined in the interfer-
ome database.'® Consistently, /fnb transcription and IFN-B
secretion induced by SeV or HSV-1 infection were significantly
decreased in Uap7*/~ BMDMs (Figures 2C and 2D). Reintroduc-
ing UAP1 in Uap1-deficient BMDMs restored its ability to secrete
IFN-B (Figure 2E). These data indicate a positive role of UAP1 in
antiviral immunity against both RNA and DNA viruses in pri-
mary cells.

To investigate the functional significance of UAP1 in host anti-
viral response in vivo, we challenged Uap7*/~ mice with VSV or
HSV-1, and histological analysis showed greater infiltration of
immune cells and injury of lung and liver in Uap7*/~ mice (Fig-
ure S3A). We also observed a greater decrease of phosphory-
lated IRF3 level (Figures S3B and S3C) and more viral replication
(Figures S3D and S3E) in liver and lung in Uap1*'~ mice after VSV
infection. Uap7*/~ mice were highly susceptible to VSV or HSV-1
infection in overall survival assays than that in Uap7*"* mice (Fig-
ure 2F). Consistent with the decreased resistance, Uap7*/~ mice
produced lower levels of IFN-f than WT mice in response to VSV
or HSV-1 infection (Figure 2G). Taken together, these results
demonstrate that UAPT deficiency impaired innate antiviral
responses against viral infection by producing less IFN-B in vivo.

UAP1 interacts with IRF3

To determine the molecular mechanism by which UAP1 promotes
type I IFN signaling, we performed luciferase reporter assay and
found that UAP1 promoted the luciferase reporter activity induced
by RIG-I-N (N-terminal caspase recruitment domain of retinoic
acidinducible gene-1 [RIG-I], an active deletion of RIG-I), MAVS,
TBK1, but not IRF3 (5D) (a constitutively active mutant of IRF3)
(Figure 3A). Immunoprecipitation (IP) and immunoblot analysis re-
vealed that UAP1 strongly interacted with IRF3, but not other mol-
eculesintype | IFN signaling (Figure 3B). To rigorously observe the
physiological relevance of these findings, we infected A549 cells
and BMDM s with SeV or HSV-1 and observed the enhanced inter-
action between endogenous UAP1 and IRF3 after virus infection
(Figures 3C-3F). To determine whether the interaction between
UAP1 and IRF3 is direct, we performed an in vitro binding assay
and found recombinant His-IRF3 directly interacted with purified
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Flag-tagged UAP1 (Figure 3G). In addition, we found that UAP1
was prone to interact with phosphorylated IRF3 (p-IRF3) (Fig-
ure 3H). We next tested the interaction between UAP1 and IRF3
in TBK1-knockout (KO) HEK293T cells and observed that the
interaction between UAP1 and IRF3 did not change upon viral
infection (Figure 3l). To further determine UAP1-IRF3 interaction,
we used a fluorescence resonance energy transfer (FRET) assay
to analyze FRET efficiency values (E-FRET) between YFP-IRF3
and CFP-UAP1 upon viral infection.'”” We observed that the
average E-FRET (38 h upon viral infection) was increased obviously
in the cytoplasm in virus-infected cells in comparison with that in
untreated cells (Figure 3J). To identify which domain of IRF3 is
responsible for its interaction with UAP1, we generated several
deletion constructs of IRF3. IP and immunoblot analysis revealed
that the IR domain (including IRF association domain and regula-
tory domain) of IRF3 interacted with UAP1, but its DP domain
(including DNA-binding domain and proline-rich domain) showed
no interaction with UAP1 (Figure 3K). Collectively, these results
suggest that UAP1 directly targets IRF3 upon viral infection.

The enzyme activity of UAP1 is required to potentiate
antiviral signaling

We next investigated whether UAP1 regulates type | IFN
signaling pathway via its pyrophosphorylase activity. We gener-
ated pyrophosphatase-inactive mutants of UAP1 by substituting
the corresponding lysine (K) or arginine (R) with alanine (A) as
previously described,'® and confirmed that they no longer pro-
moted global protein O-GIcNAcylation (Figures S4A and S4B).
Interestingly, we found that although the inactive mutants of
UAP1 could still interact with IRF3, they failed to prompt IRF3
phosphorylation anymore (Figures 4A and S4C). Consistently,
mutations of UAP1 enzymatic sites abrogated its ability to upre-
gulate type I IFN signaling under viral infection (Figures 4B and
4C). We next found that UAP1 was indispensable for cell growth
by lactate dehydrogenase release (LDH) assay (Figure S4D). This
result is consistent with a previous report that lack of UDP-
GlIcNAc leads to cell death.'®?° To generate UAP71 KO cells,
we added UDP-GIcNAc to sgUAP1 HEK293T cells for drug
selection and found that reintroducing UDP-GIcNAc rescued
the viability of sgUAPT cells (Figure S4D). Based on this method,
we generated viable UAP1 KO cells (Figure S4E) for following ex-
periments. Consistently, mutations of UAP1 enzymatic sites

Figure 2. Uap1 deficiency inhibits antiviral immunity in vivo

(A) Immunoblot analysis of indicated proteins in bone-marrow-derived macrophages (BMDMs) from Uap1+/* or Uap1*'~ mice following infection with SeV

(MOI = 1) or HSV-1 (MOI = 1) for indicated time periods.

(B) Heatmaps showing the expression (RNA-seq; maximum to minimum, normalized) of type | IFNs and IFN-stimulated genes in Uap1*/* or Uap1*/’ BMDMs

infected with SeV (MOI = 1) for 5 h or HSV-1 (MOI = 1) for 12 h.

(C) Quantitative reverse transcription and polymerase chain reaction (QRT-PCR) analysis of /fnb in BMDMs from Uap1*/* or Uap7*~ mice stimulated with SeV

(MOI = 1) or HSV-1 (MOI = 1) for indicated time periods.

(D) ELISA of IFN-B secretion in BMDMSs from Uap1** or Uap7*/~ mice stimulated with SeV (MOI = 1) for 10 h or HSV-1 (MOI = 1) for 24 h.
(E) ELISA of IFN-B secretion (top) and immunoblot analysis (bottom) in Uap1*’* or Uap7*/~ BMDMs transfected with plasmid encoding UAP1 or empty vector,

followed by infection with SeV (MOI = 1) for 10 h.

(F) Survival curve of 8-week-old Uap7*"* or Uap1*/~ mice given intravenously injection of VSV (1 x 10® pfu/g) or HSV-1 (2 x 107 pfu/g) (n = 10 per group).

1+/+ 1+/—

(G) IFN-B levels were analyzed by ELISA in the serum of Uap
HSV-1 (2 x 107 pfu/g) for 24 h.

orUap

mice (n = 10 per group), which were intravenously injected with VSV (1 x 108 pfu/g) or

Data in (A) and (C)—(E) are expressed as means + SEM of at least three independent experiments. Data in (G) are expressed as mean values + SD (n = 10 mice per
group). p values were determined by unpaired two-tailed Student’s t test. Other experiments are representatives of three independent biological experiments with

similar results.
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abrogated its ability to upregulate type | IFN signaling under viral
infection (Figure 4D). These findings demonstrate that UAP1
serves as a positive regulator in type | IFN signaling via its pyro-
phosphatase activity.

Since UAP1 could provide UDP-GIcNAc for both
O-GlcNAcylation and N-GIcNAcylation, and recent reports
showed that O-GIcNAc transferase (OGT) regulates the
O-GlcNAcylation of MAVS to enhance type | IFN signaling,®*
we then investigated whether UAP1 mediates type | IFN activa-
tion by promoting O-GlcNAcylation or N-GlcNAcylation of IRF3.
As expected, we found that knockdown of UAP1T inhibited the
abundance of UDP-GIcNAc (Figure S4F). HEK293T cells were
pretreated with UDP-GIcNAc (within the concentration of
100 pM) to replenish the protein glycosylation according to pre-
vious works,?%?® and the amount of UDP-GIcNAc we added was
sufficient to maintain the similar IC UDP-GIcNAc abundance in
both control and UAP17-deficient cells (Figure S4G). Although
UDP-GIcNAc treatment globally enhanced the phosphorylation
of IRF3 and STAT1 upon viral infection, which is consistent
with previous report,”® we found that UAP7 deficiency could still
inhibit the phosphorylation of IRF3 and STAT1 in UDP-GIcNAc-
pretreated cells (Figure S4H). In consistent with these results,
we found that UAP7T deficiency could still inhibit IFN-G
and ISG15 expression in UDP-GIcNAc-pretreated cells (Fig-
ure S4l). Meanwhile, UAP1 deficiency had no effect on IRF3
O-GlIcNAcylation, and the level of O-GlcNAcylation of IRF3 did
not markedly change upon viral infection (Figures S4J and
S4K). In addition, we treated the cells with OSMI-1 (an OGT in-
hibitor) or tunicamycin (TM, a N-GIcNAcylation inhibitor) and
observed that UAP1 could still promote the activation of type |
IFN signaling (Figures S4L and S4M). We further confirmed
that KO of UAP1 could still promote VSV and HSV-1 replication
in UDP-GIcNAc-pretreated cells (Figure S4N). Taken together,
these data suggest that UAP1 promotes type | IFN signaling in
a GlcNAcylation-independent manner.

UAP1 catalyzes pyrophosphorylation of IRF3

As UAP1 is a pyrophosphorylase, we next investigated whether
UAP1 directly influences the pyrophosphorylation of IRF3. The
B-phosphate can be transferred from IP; to prephosphorylated
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proteins, to generate pyrophosphorylation.”* Through molecu-
lar docking studies, we showed that UAP1 could bind to IP;
(Figure S40). We next used IPg kinase 1 (IP6K1) and [32P]
ATP to synthesize 5p[>?P] IP; and performed protein pyrophos-
phorylation assay as previously described.'® We found p-IRF3
other than IRF3 can be further pyrophosphorylated by IP;
only in the presence of UAP1, indicating that UAP1 is capable
to mediate IRF3 pyrophosphorylation (Figure 4E). Moreover, we
found that the inactive mutants of UAP1 failed to catalyze IRF3
pyrophosphorylation (Figure 4F). To further confirm this finding,
we examined the total pyrosphosphate (intracellular pyrophos-
phate [PPi]) of purified IRF3 from IRF3-KO HEK293T cells by
fluorimetric pyrophosphate assay, and observed apparent in-
crease of IRF3-associated PPi in the presence of WT UAP1,
but not its inactive mutants, upon SeV infection (Figure 4G).
N2-(m-Trifluorobenzyl) (TNP) is a widely used inhibitor of
IP6K1, which potently decreases pyrophosphorylation.”®> We
pretreated cells with TNP and found that TNP inhibited
the IRF3-associated PPi level (Figure 4H). To further investigate
whether UAP1 acts as a protein pyrophosphorylase, we
predicted multiple sites on UAP1 that might abrogate its
binding ability with IRF3 through bioinformatic analysis by auto-
dock vine and generated a serial of UAP1 mutants by replacing
Glu303, Asn223 (which establish hydrogen bonds with
sugar N-acetylarm), Asp253 (which is the side chain of
the sequence conserved), Phe381 (which establishes hydro-
phobic interactions with sugar N-acetylarm), or Arg453 (which
provides additional nucleotide-sugar-binding residues) with
arginines. We found that UAP1 R453A mutant, which
showed reduced binding ability with IRF3 (Figure S4P), did
not affect O-GlcNAcylation (Figure S4Q). In consistent with
this result, UAP1 R453A mutant, which did not affect UDP-
GlIcNAc synthesis, failed to promote type | IFN activation and
IRF3 pyrophosphorylation at S386 (Figures S4R-S4T). These
findings further confirmed that UAP1 functions as a pyrophos-
phorylase to regulate the antiviral response by mediating IRF3
pyrophosphorylation.

In line with the importance of UAP1 enzymatic activity in type |
IFN signaling, pretreatment with TNP resulted in the inhibition
of UAP1-mediated type | IFN activation (Figures 5A-5C).

Figure 3. UAP1 associates with IRF3

(A) Luciferase activity of HEK293T cells transfected with plasmids encoding IFN-stimulated response element (ISRE)-luc or IFN-B-luc reporter, together with
RIG-I(N), MAVS, TBK1, or IRF3 (5D), along with empty vector (EV) or with increasing amounts of UAP1 vector.
(B) Immunoblot analysis of extracts of HEK293T cells transfected with plasmids encoding HA-tagged UAP1 and Flag-tagged EV, RIG-I, MAVS, TBK1, or IRF3,

followed by immunoprecipitation (IP) with anti-Flag beads.

(C-F) Immunoblot analysis of A549 (C and D) or BMDMs (E and F) infected with SeV (MOI = 1) or HSV-1 (MOI = 1) for indicated time periods, followed by IP with

anti-IRF3 antibody.

(G) In vitro binding assay of Flag-tagged UAP1 purified from HEK293T cells and His-tagged IRF3 purified from E. coli.

(H) Immunobilot analysis of extracts of HEK293T cells transfected with plasmids encoding HA-UAP1, after SeV (MOI = 1) infection for 5 h, followed by immu-
noprecipitation with anti-HA beads.

(I) Immunoblot analysis of extracts of TBK7 knockout (KO) HEK293T cells transfected with plasmids encoding HA-UAP1, after SeV (MOI = 1) infection for 5 h,
followed by immunoprecipitation with anti-HA beads.

(J) A549 cells were transfected with plasmids expressing CFP-UAP1 as fluorescence resonance energy transfer (FRET) donor and YFP-IRF3 as FRET acceptor.
The FRET efficiency was calculated in A549 cells infected with SeV (MOI = 1) or HSV-1 (MOI = 1) for 3 h.

(K) Domain organization of IRF3 protein (left). Immunoblot analysis of extracts of HEK293T cells transfected with plasmids encoding HA-UAP1 together with Flag-
IRF3, Flag-IRF3 DP, or Flag-IRF3 IR (right), followed by IP with anti-Flag beads.

Data in (A) are expressed as mean + SEM of three independent experiments. Data in (J) are expressed as mean + SD of 10 cells for each condition. p values were
determined by unpaired two-tailed Student’s t test. All other experiments are representatives of three independent biological experiments with similar results.

304 Molecular Cell 83, 298-313, January 19, 2023



A uAP1 B D
p<0.0001 « Mock
200 — . SeV —
i)
= 150 L
£ o
2 100 2
= 0
£ 50+ %)
0
AN
e SFF K
NI
T & ¥
UAP1
c IFNB ISG15 UAPT « Mock
3007 P=0.0008 200 P<0.0001 201 00001 | SV
3 2150 - 2151 S
+200 = = o
=}
< <100 <104 z
% 100 x x =
S € 50 1 € 5] i
0
N AN A AN N
FCEFFE 0 8$FFF T aSSFF
T &Y T ¥ TE <
UAP1 UAP1 UAP1
E o F 5B[?PHP,
1P, Colibacillus+His-IRF3,IPTG HisIRE3 Hisp-IRF3
Lysecolibacillu“sji:ilzziidbuffer HA-UAP1 § § (93' é\?§ .L\‘X (\(}Yé\?
: ' N
lpurified R & L L kDa
mIP6K1, His-IRF3 p-IRF3
[2PJATP -TBK1 | cTake  (S396) | eee— 52
IRF3 = e e e Kb |- 52
His-IRF3 His-pIRF3  pa : -59
IP:His and IP:His and
purified purified
v Protein lysate
+UAP1
5p[2PLHIP, ———> H
IRF3 KO 293T
In vitro pyrophosphorylation assay * Mock
257 P<00001 ° SeV
His-IRF3 His-p-IRF3 )
58[2PlIP, - + -+ 4 ’ézo
FlagUAP1 - - + - - + kpa ;_15'
(S396) 5
is-1RF3 [ 5 0.
HA-UAP1 - + - -+
Flag e FlogRE3 - + + + - + +
TNP - - - - + + +

¢? CellPress

UAP1 KO 293T

p<0.0001
40_ —_—
30+
20
10+
O_A AN
e &S F &
N NW
T & ¥
UAP1
UAP1 KO 293T « Mock
p<0.0001 « SeV
90_ —_—
60
304
O_A AN
AN
€ & ¥
UAP1

IRF3 KO 293T+Flag-IRF3
with or without SeV

Lyse cells in whole cell lysis buffer

lIP:FIag
lEIution and purified
Flag-IRF3

Add PPi detection
solution

Measure fluorescence intensity
at EX’Em = 370/470 nm

IRF3 KO 293T+Flag-IRF3
257

p=0.0097 . Mock
20 '_; e SeV
=
3 159
o
104 o °
59 o
0_
2oL ST
NN W
TEL
UAP1

(legend on next page)

Molecular Cell 83, 298-313, January 19, 2023 305




¢ CellPress

Consistently, TNP pretreatment suppressed the phosphoryla-
tion of IRF3 and STAT1 in BMDMs and A549 cells (Figures S5A
and S5B). We next knocked down the expression of IP6K1 and
found that /IP6K1 deficiency also resulted in the inhibition of
UAP1-mediated type | IFN activation (Figure S5C). In consistent
with these results, KO of IP6K1 promoted VSV replication, which
is similar to that we observed in TNP treatment experiments
(Figures S5D and S5E). These data suggest that TNP mainly
affects cell signaling to inhibit antiviral responses.

We next examined the effects of TNP in host antiviral immune
responses in vivo. Following an injection of TNP (20 mg/kg body
weight [BW]) in mice, we challenged mice with VSV. Histological
analysis showed greater infiltration of immune cells and injury of
lung and liver in TNP group, compared with those in control
group (Figure 5D). Consistently, viral load was significantly
increased in the lung and liver of TNP-pretreated mice
(Figures 5E and 5F). Additionally, we showed a greater decrease
of Ifnb and Isg15 levels in the lung and liver of TNP-pretreated
mice (Figures 5G and 5H). We further found that TNP-pretreated
mice were highly susceptible to VSV infection in overall survival
assays compared with DMSO-pretreated mice (Figure 5I). We
also observed the downregulation of IFN-B level in the serum
of TNP-pretreated mice (Figure 5J). Taken together, these
results indicate that UAP1-directed pyrophosphorylation of
IRF3 potentiates antiviral responses.

Pyrophosphorylation facilitates IRF3 activation

It is well documented that the phosphorylation and dimerization
of IRF3 are the necessary steps for its full activation. Given that
IRF3 forms dimers after phosphorylation, we separated IRF3
monomers (less than 90 kDa) from dimers (greater than
90 kDa) by gel filtration of SeV-infected cell lysates and observed
that in-vitro-purified UAP1 only interacted with IRF3 monomers
but not IRF3 dimers (Figure 6A). Next, we found that UAP1 defi-
ciency impaired SeV-induced dimerization of IRF3 (Figure 6B). In
addition, the nuclear translocation of IRF3 was markedly
decreased in Uap1*~ BMDMs, compared with that in Uap1*’*
BMDMs (Figures 6C and 6D). To evaluate whether this effect is
caused by reduced pyrophosphorylation of IRF3, we pretreated
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cells with TNP and found that TNP also impaired the dimerization
of IRF3 (Figure 6E). Consistently, TNP inhibited IRF3 transport
into the nucleus (Figures 6F and 6G). These results were further
confirmed by colP that UAP1 enhanced SeV-induced IRF3
oligomerization (Figure 6H).

UAP1 pyrophosphorylates IRF3 at S386 to promote type
I IFN signaling
We next sought to determine the detail molecular mechanisms
by which UAP1 activates IRF3 through pyrophosphorylation.
We examined the total PPi of purified IRF3 and its deletion con-
structs and found that the IR domain of IRF3 is critically required
for its pyrophosphorylation (Figure S6A). Further study showed
that IRF3-5D mutant, which led to constitutive activation of
IRF3, and IRF3-5A mutant, which led to constitutive inactivation
of IRF3, showed no influence on the pyrophosphorylation of IRF3
(Figures S6B and S6C). In addition, we showed that UAP1 could
not affect the activity of IRF3-5D (Figure S6D). These results indi-
cated that other sites remained to be identified for IRF3 pyro-
phosphorylation before these five sites are phosphorylated.
We next applied mass spectrometry analysis to find that S386
and T390 on IRF3 could be pyrophosphorylated (Figure 7A),
which is further confirmed by mutation experiments (Figure SEE).
Interestingly, we found that T390A mutation of IRF3 showed no
influence on the activation of IRF3, while S386A mutation of
IRF3 not only abrogated the pyrophosphorylation of IRF3, but
also markedly abrogated the type | IFN signaling (Figures 7B
and S6F). We next generated a series of IRF3 phosphopeptides
and checked whether UAP1 could catalyze the pyrophosphory-
lation of them. We found that UAP1 specifically mediated the
pyrophosphorylation of pS386 peptide, but not other indicated
peptides (Figure S6G). In addition, we tested the PPi of synthe-
sized IRF3 pS386 peptide and found that the kit could success-
fully detect protein-linked pyrophosphate (Figure SEH), further
supporting the finding of pyrophosphorylation of IRF3 at S386
both in vitro and in cells.

According to previous studies,”®?” there are two classes of
regulatory phosphorylation sites with different effects on trans-
activation activity located in the C-terminal region of IRF3: 2S

Figure 4. UAP1 mediates the pyrophosphorylation of IRF3

(A) Domain organization of UAP1 (top). Immunoblot analysis of extracts of HEK293T cells transfected with empty vector (EV) or plasmids encoding wild-type (WT)
HA-UAP1 or its inactive mutants (R115A, K122A, or K407A) after SeV (MOI = 1) infection for 5 h (bottom).
(B) ELISA analysis of IFN-f secretion in HEK293T cells transfected with vectors of HA-UAP1 (WT, R115A, K122A, or K407A), followed by SeV (MOI = 1) infection

for 10 h.

(C) gqRT-PCR analysis of IFNB, ISG15, and UAPT mRNA level in HEK293T cells transfected with plasmids expressing HA-UAP1 (WT, R115A, K122A, or K407A),

after SeV (MOI = 1) infection for 10 h.

(D) Luciferase activity of UAP1 knockout (KO) HEK293T cells transfected with plasmids encoding ISRE-luc (top) or IFN-B-luc (bottom), together with WT UAP1 or

its indicated mutants, after SeV (MOI = 1) infection for 10 h.

(E) Experimental setup for IRF3 pyrophosphorylation assay through autoradiography (top). Autoradiography was used to determine the protein
pyrophosphorylation and immunoblot analysis was used to confirm the equal loading of indicated proteins (bottom).
(F) Pyrophosphorylation of IRF3 with indicated WT UAP1 and its mutants were measured by autoradiography in vitro.

(G) Experimental setup for the measurement of pyrophosphorylation of IRF3 by fluorimetry assay (top). Intracellular pyrophosphate (PPi) of IRF3 was measured in
IRF3 KO HEK293T cells transfected with vector of WT UAP1 or its indicated mutants together with Flag-IRF3 after infection with SeV (MOI = 1) for 5 h (bottom),
followed by immunoprecipitation with anti-Flag beads.

(H) PPI of IRF3 was measured in IRF3 KO HEK293T cells transfected with plasmid of HA-UAP1 or EV together with Flag-IRF3, pretreated with N?-(m-Tri-
fluorobenzyl) (TNP) (10 uM) together with SeV (MOI = 1) for 10 h, followed by immunoprecipitation with anti-Flag beads.

Data in (B)-(D), (G), and (H) are expressed as mean + SEM of three independent experiments. p values were determined by unpaired two-tailed Student’s t test. All
other experiments are representatives of three independent biological experiments with similar results.
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sites (S385 and S386) and 5ST sites (S396, S398, S402, T404,
and S405) (Figure S6l). We wondered whether pyrophosphoryla-
tion of IRF3 at S386 serves as a signal for subsequent multi-site
phosphorylation. We found that knockdown of UAP7 or TNP
treatment mainly reduced the phosphorylation of S396, but not
S386 of IRF3, indicating the sequential event of IRF3 multi-site
phosphorylation (Figures 7C and 7D). Further study showed
that S386A mutation of IRF3 prevented the phosphorylation of
S396 site, while S396A mutation showed no influence on the
phosphorylation of S386 (Figure S6J). Taken together, these
data demonstrate that UAP1-directed IRF3 pyrophosphorylation
at S386 serves as a required step for subsequent S396 phos-
phorylation as well as dimerization of IRF3. According to
previous studies,’®?® the phospho-mimetic mutants with the
substitution of S/T residues with aspartic acid (D) discharge
the C-terminal inhibitory domain of IRF3 and prompt the dimer-
ization and activation of IRF3. We next found that S386A/D
mutation could not be pyrophosphorylated as efficiently as the
WT IRF3 did (Figure 7E). To further demonstrate that phosphor-
ylation of S386 is not enough for IRF3 activation, we mutated
S386 to E386 according to a previous work®® and found that
S386E also failed to active IRF3 (Figure 7E). Consistently,
UAP1 no longer enhanced type | IFN activation when IRF3
S386 is mutated (Figures 7F, S6K, and S6L). These results indi-
cated that the phosphorylation of IRF3 at S386 is not enough to
activate type | IFN signaling, which highlights the importance of
pyrophosphorylation of IRF3 in antiviral immunity. We next
checked the interaction between IRF3 and TBK1 with or without
TNP treatment and found that TNP reduced the interaction
between IRF3 and TBK1 (Figure S6M), indicating that the pyro-
phosphorylation of IRF3 on S386 enhanced the binding to
TBK1, which might facilitate the phosphorylation of IRF3 S396
for its fully activation.

Taken together, our findings illuminate the regulatory mecha-
nism of UAP1 in antiviral immunity. Upon viral infection, IRF3
undergoes pyrophosphorylation at S386 mediated by UAP1,
which is required for subsequent phosphorylation at S396. Pyro-
phosphorylation of IRF3 worked as a checkpoint to control the
dimerization of IRF3, thus turning on the robust type IFN
signaling (Figure 7G).
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DISCUSSION

The phosphorylation of IRF3 plays critical roles in determining
the immune state and the cell fate against viral infection. Until
now, the sequential activation mode of IRF3 through multi-
site phosphorylation remains controversial. It has been re-
ported that S385 and S386 of IRF3 are exposed to be first
phosphorylated, leading to its conformational change,?® while
other studies indicated virus-induced phosphorylation of
IRF3-5ST is an earlier event.”® Here, we found IRF3 S396A
mutant can be phosphorylated at S386, but IRF3 S386A mutant
failed to be phosphorylated at S396, suggesting that the phos-
phorylation of IRF3-2S plays an earlier role in the regulation of
IRF3-5ST phosphorylation and further supported the hypothe-
sis of IRF3 sequential phosphorylation mode as previously
described.®® Interestingly, although IRF3 5D mimics its phos-
phorylated form with constitutive DNA binding and transactiva-
tion activities, the S385/386D mutant could not be activated
even under viral infection. One possibility is that IRF3-2S sites
have unknown function to mediate the activation of down-
stream 5ST sites rather than simply being phosphorylated. In
our work, we demonstrated that S386 phosphorylation and
pyrophosphorylation play a critical regulatory role for virus-
induced phosphorylation of 5ST and transactivation activities
of IRF3. UAP1-mediated pyrophosphorylation of S386
enhanced its binding affinity to TBK1, which is essential for
the subsequent phosphorylation of IRF3 at 5ST sites to reach
its full activity. When 5ST was substituted with the 5D, it will
constitutively activate its DNA-binding ability, and there is no
need for the phosphorylation and pyrophosphorylation of
upstream serines including S386. Our data also showed that
UAP1 no longer affected the activity of IRF3-5D. In addition,
we observed that although IRF3 T390 was pyrophosphorylated,
TBK1 failed to phosphorylate T390 on IRF3, and it is worth to
identify the potential kinase for IRF3-T390 phosphorylation
under viral infection in the future study.

Pyrophosphorylation was originally considered to be a non-
enzymatic process,®' and its function in immune signaling is
unknown. Here, we identified UAP1 as a protein pyrophosphory-
lase, thereby positively regulating type | IFN signaling against viral

Figure 5. TNP inhibits type I IFN signaling as well as antiviral response

(A and B) Luciferase activity of HEK293T cells transfected with empty vector or HA-UAP1, subsequently pretreated with DMSO or N2-(m-Trifluorobenzyl) (TNP)
(10 uM), together with an ISRE (A) or IFN-B (B) luciferase reporter, followed by intracellular poly (I:C) (IC pIC) (10 pg/mL) treatment or SeV (MOI = 1) infection for
10 h.

(C) qRT-PCR analysis of IFNB, ISG15, and UAPT mRNA level in A549 cells transfected with empty vector or HA-UAP1, pretreated with DMSO or TNP (10 uM) for
2 h followed by SeV (MOI = 1) infection for 10 h.

(D) Lung and liver sections were analyzed by H&E staining from 8-week-old mice injected intraperitoneally with DMSO or TNP (20 mg/kg body weight [BW])
followed by given intravenously injection of PBS or VSV (1 x 10® pfu/g) for 24 h. Scale bars, 100 pm.

(E and F) VSV levels in lung and liver were analyzed by immunoblot analysis (E) and gRT-PCR (F) from 8-week-old mice injected intraperitoneally with DMSO or
TNP (20 mg/kg BW), followed by given intravenously injection of PBS or VSV (1 x 108 pfu/g) for 24 h.

(G and H) gRT-PCR analysis of Ifnb and Isg75 mRNA levels in lung (G) and liver (H) from 8-week-old mice injected intraperitoneally with DMSO or TNP (20 mg/kg
BW), followed by given intravenously injection of VSV (1 x 108 pfu/g) for 24 h were analyzed.

(1) Survival of 8-week-old mice injected intraperitoneally with DMSO or TNP (20 mg/kg BW) followed by given intravenously injection of PBS or VSV (1 x 10° pfu/g)
(n =10 per group).

(J) ELISA results of IFN-B secretion in serum from mice pretreated with DMSO or TNP (20 mg/kg BW) followed by given intravenously injection of PBS or VSV
(1 x 108 pfu/g) for 24 h.

Data in (A)-(C) are expressed as mean + SEM of three independent experiments. Data in (G), (H), and (J) are expressed as mean + SD of 3 mice per group. Data in
(F) are expressed as mean + SD of 4 mice per group.
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Figure 6. Pyrophosphorylation of IRF3 facilitates its activation

(A) Experimental setup for the isolation of IRF3 monomer and dimer from /RF3 knockout (KO) HEK293T cells infected with SeV (MOI = 1) for 10 h (left). Immu-
noprecipitation and immunoblot analysis of in-vitro-purified Flag-UAP1 and whole-cell lysates (W), IRF3 monomer (M), or dimer (D) (right).

(B) Immunoblot analysis of IRF3 dimerization and STAT1 activation in BMDMs from Uap1*/* or Uap1*'~ mice, infected with SeV for indicated time points.

(C) Immunofluorescence analysis of the nuclear translocation of IRF3 in BMDMSs from Uap1*/* or Uap1*/~ mice, infected with SeV for 5 h. Scale bars, 10 pm.

(D) The relative mean value of nuclear IRF3 in BMDMs from Uap7*/* or Uap1*~ mice, infected with SeV (MOI = 1, 5 h) were calculated by ImageJ.

(E) Immunoblot analysis of IRF3 dimerization and STAT1 activation in BMDMs pretreated with N2-(m-Trifluorobenzyl) (TNP) (10 uM), infected with SeV for
indicated time points.

(F) Immunofluorescence analysis of the nuclear translocation of IRF3 in BMDMs pretreated with TNP (10 uM) together with SeV (MOI =1, 5 h). Scale bars, 10 um.
(G) The relative mean value of nuclear IRF3 in BMDMs pretreated with TNP (10 uM) together with SeV (MOI = 1, 5 h) were calculated by ImagedJ.

(H) Immunoblot analysis of HEK293T cells transfected with plasmids with indicated combinations, followed by IP with anti-Flag beads.

Data in (D) and (G) are expressed as mean + SD of 12 cells per group. p values were determined by unpaired two-tailed Student’s t test. All other experiments are
representatives of three independent biological experiments with similar results.
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infection. Our findings illustrated the role of pyrophosphoserine
residues in altering antiviral responses. Since the occurrence of
protein pyrophosphorylation depends on phosphorylation, and
this PTM has not attracted much attention in the past, the in-
depth study of protein pyrophosphorylation may innovate the
current understanding of the role of phosphorylation in cell
signaling, and a large number of studies on the function of phos-
phorylation are worthy of re-evaluation.

In summary, we identified UAP1 as a positive regulator in type |
IFN signaling by targeting IRF3 to promote its pyrophosphoryla-
tion. The working mechanism of UAP1 implies that metabolic
enzymes are deeply involved in immune signaling pathways,
thus keeping a precise control of the crosstalk between meta-
bolism and innate antiviral immune responses.

Limitations of the study

This study uncovered the role of UAP1 as a pivotal regulator of
antiviral innate immune responses by targeting IRF3 for pyrophos-
phorylation at S386. Although we demonstrated that UAP1 is
responsible for IRF3 pyrophosphorylation by multiple methods
including mass spectrometry analysis, autoradiography, PPimea-
surement assay, and in vitro phosphopeptide assay, it is neces-
sary to develop specific antibodies against pyrophosphorylated
proteins in future, which could greatly promote the research on
the function of pyrophosphorylated proteins. We confirmed at
UAP1 is not responsible for IRF3 pyrophosphorylation at T390,
and the enzyme responsible for this modification is currently un-
known. The physiological function of IRF3 pyrophosphorylation
at T390 also needs to be further investigated. In addition, it is worth
of study to figure out how UAP1 selectively recognizes pS386 and
the exact binding site on TBK1 for pyrophosphorylated IRF3 in
structural biology in future.
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Figure 7. S386 in IRF3 is essential for UAP1-mediated pyrophosphorylation

(A) Flag-tagged IRF3 purified from /RF3 knockout (KO) HEK293T cells transfected with Flag-IRF3, followed by SeV (MOI = 1) infection for 10 h were prepared for
LC-MS/MS analysis. LC-MS/MS of the pyrophosphorylated peptide fragment ion was shown. Sequence of IRF3 with MS/MS coverage was listed. Red residues:
pyrophosphorylation site.

(B) Pyrophosphorylation of wild-type (WT) IRF3 and IRF3 S386A mutant were measured by autoradiography in vitro. Flag-tagged TBK1 and HA-UAP1 were
purified from HEK293T cells, and His-tagged WT IRF3 and IRF3 S386A mutant were purified from E. coli. All experiments are representatives of three independent
biological experiments with similar results.

(C) Immunoblot analysis of extracts of A549 cells transfected with control siRNA or Uap 1-specific siRNA, then infected with SeV (MOI = 1) for 5 h.

(D) Immunoassay of extracts of A549 cells pretreated with N?-(m-Trifluorobenzyl) (TNP) (10 uM) and infected with SeV (MOI = 1) for 5 h.

(E) PPi was measured by fluorimetry assay in IRF3 KO HEK293T cells transfected with plasmid of WT IRF3 and its indicated mutants (S386A, S386D, and S386E),
infected with SeV (MOI = 1) for 5 h, followed by immunoprecipitation with anti-Flag beads.

(F) Luciferase activity of IRF3 KO HEK293T cells transfected with vectors of IRF3 (WT, S386A or S386D), together with an ISRE luciferase reporter and UAP1,
infected with SeV (MOI = 1) for 10 h.

(G) The working model of the precise regulation of IRF3 activity mediated by UAP1 through pyrophosphorylation.

Data in (E) and (F) are expressed as mean + SEM of three independent experiments. p values were determined by unpaired two-tailed Student’s t test. All other
experiments are representatives of three independent biological experiments with similar results.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit polyclonal anti-IRF3
Anti-STAT1

Goat anti-mouse

Goat anti-rabbit

Rabbit monoclonal anti-IRF3 phosphorylated
at S396

Rabbit monoclonal anti-TBK1 phosphorylated
at S172

Rabbit polyclonal anti-TBK1

Anti-mouse IgG (H+L), F(ab’)2 Fragment
(Alexa Fluor® 488 Conjugate)

Anti-rabbit IgG (H+L), F(ab’)2 Fragment
(Alexa Fluor® 555 Conjugate)

Rabbit monoclonal anti-phospho-IRF3 (Ser386)
Rabbit polyclonal anti-phospho-STAT1

Rabbit monoclonal anti-OGT

Rabbit monoclonal anti-UAP1

Rabbit monoclonal anti-O-GIcNAc

Mouse monoclonal anti-Flag (M2)
peroxidase (HRP)

Mouse monoclonal anti-B-actin
Hemagglutinin (HA)-HRP antibody
Mouse monoclonal anti-c-Myc-HRP
Rabbit polyclonal anti-IRF3
Anti-STAT1

Goat anti-mouse

Goat anti-rabbit

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology
Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Proteintech

Abcam

Sigma-Aldrich

Sigma-Aldrich

Roche Applied Science
Roche Applied Science
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology

Santa Cruz Biotechnology

Cat# sc-9082; RRID: AB_2264929
Cat# sc-136; RRID: AB_675899
Cat# sc-2005; RRID: AB_631736
Cat# sc-2004; RRID: AB_631736
Cat# sc-166583; RRID: AB_2012300

Cat# sc-8017; RRID: AB_628423

Cat# 3013; RRID: AB_2199749
Cat# 14119-1-AP; RRID: AB_2140168

Cat# 4947; RRID: AB_823547

Cat# 37829; RRID: AB_2799121
Cat# 9171; RRID: AB_331591

Cat# 5368; RRID: AB_303264

Cat# 67545-1-Ig, RRID: AB_2882762
Cat# ab2739; RRID: AB_303264
Cat# 5483P; RRID: AB_10693472

Cat# 3738; RRID: AB_490837
Cat# 12994; RRID: AB_2630393
Cat# 3013; RRID: AB_2199749
Cati# sc-9082; RRID: AB_2264929
Cat# sc-136; RRID: AB_675899
Cat# sc-2005; RRID: AB_631736
Cat# sc-2004; RRID: AB_631736

Bacterial and Virus Strains Chemicals

Vesicular stomatitis virus-eGFP Cui et al.*? N/A
Sendai virus Qin et al.** N/A
Human influenza virus A/Puerto Rico/8/34 Jin et al.®* N/A
(H1N1) (PR8)

Dengue virus (strain 16681) Wu et al.* N/A
ZIKV (GZ01, KU820,898) Zheng et al.*® N/A
Biological samples

Mouse tissue C57BL/6J Uap1** and Uap1*’~ mice N/A
Human PBMCs This paper; see cell culture and N/A

transfections in experimental model

section
Chemicals, peptides, and recombinant proteins
PBS Coring Cat# 21-040-CV
DMEM Coring Cat# 10-013-CVR
poly(l:C) (LMW) Invivogen Cati# tlrl-picw
poly(dA:dT) Invivogen Cat# tIrl-patn
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Polybrene Sigma-Aldrich Cat# H9268
Puromycin Sigma-Aldrich Cat# P9620
Flag-beads Sigma-Aldrich Cat# A2220
NP-40 Solarbio Cat# N8030
Protein A agarose Pierce Cat# 20333
Protein G agarose Pierce Cat# 20399
Phosphatase inhibitor Roche Applied Science Cat# 04906837001

HA-beads

Roche Applied Science

Cat# 12013819001

EDTA-free protease inhibitor Biosharp Cat# BL630B
Paraformaldehyde Meilunbio Cat# MA0192
Fetal bovine serum Gibco Cat# 1099-141
L-glutamine Gibco Cat# 25030-081
RPMI 1640 medium Gibco Cat# C22400500BT
Macrophage colony-stimulating factor (MCSF) PeproTech Cat# AF-315-02
Granulocyte colony-stimulating factor (GCSF) PeproTech Cat# AF-300-03
Lipofectamine 2000 Invitrogen Cat# 11668019
Lipofectamine RNAIMAX Invitrogen Cat# 13778100
jetPRIME Polyplus Transfection Cat# 114-01
Adenosine triphosphate (ATP) InvivoGen Cat# tIrl-atpl
v[?2P] ATP Perkin Elmer, Cat# NEGO02A
Tris GCRF, China Cat# RS000135
NaCl GCRF, China Cat# RS9971
MgCl, Vetec Cat# V900020
EDTA Vetec Cat# V900106
Glycerol Vetec Cat# V900122
Critical commercial assays

HiScript Il RT SuperMix for gPCR Vazyme Cat# R323-01
(+gDNA wiper)

2xPolarSignal SYBR Green mix Taq MIKX Cat# MKG900-10

(with Tli RNaseH)
EZ-press RNA Purification Kit

EZBioscience

Cat# B0004D

Human IFN-B ELISA kit Invivo gene Cat# luex-hifnbv2

Mouse IFN-B ELISA kit Invivo gene Cat# luex-mifnbv2

Dual-Glo® Luciferase Assay System Promega Cat#E2980

CytoTox 96 Non-Radioactive Cytotoxicity kit Promega Cat# G1780

Deposited data

Original western data for figures This paper https://data.mendeley.com/datasets/
5w7rtbmxxp/2

Mass Spectrometry This paper PXD: PXD038295

RNA-seq raw data This paper SAR: PRJNA868602

Experimental models: Cell lines

HEK293T ATCC CRL-11268

IRF3 KO HEK293T This paper N/A

Hela ATCC CCL-2

A549 ATCC CRM-CCL-185

Experimental models: Organisms/strains

C57BL/6J Guangzhou Medical Laboratory GDMLAC-07

Animal Center of China
C57BL/6J Uap1*~ mice This paper N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Oligonucleotides

siRNA targeting sequence: This paper N/A
Ctrl UUCUCCGAACGUGUCACGUTT

siRNA targeting sequence: UAPT #1: This paper N/A
5-AGACGUCUUGGACAACUGATT-3'

siRNA targeting sequence: UAPT #2: This paper N/A
5'-AGUAGCAGUUCUUCUUCUATT-3

sgRNA targeting sequence: UAPT: This paper N/A
5-TCGGCGTTGCATATCCTAAG-3'

sgRNA targeting sequence: IRF3: This paper N/A
5-CTTGTACTGGTCGGAGGTGA-3'

sgRNA targeting sequence: HK II: This paper N/A
5-CCGTGTTCGGAATGGGAAGT-3

sgRNA targeting sequence: G6PD: This paper N/A
5'-CTTGTACTGGTCGGAGGTGA-3’

sgRNA targeting sequence: GFPT: This paper N/A
5-GTTGCTCGGCAGGTAAGTCG-3’

sgRNA targeting sequence: PKM: This paper N/A
5'-TTGGACGGTGCAACCGAGCT-3'

sgRNA targeting sequence: PFK: This paper N/A
5-CCTACAACCTGGTGAAGCGT-3'

sgRNA targeting sequence: LDHA: This paper N/A
5'-CCCGATTCCGTTACCTAATG-3’

sgRNA targeting sequence: CS: This paper N/A
5'-CAGCCGAACCAAGTACTGGG-3'

sgRNA targeting sequence: ODGH: This paper N/A
5-GACTAGTTCGAACTATGTGG-3

sgRNA targeting sequence: IDH: This paper N/A
5-AACGTTGCACACTAACGGGA-3'

sgRNA targeting sequence: IP6K1: This paper N/A
5-TGAGACGCATCTCAGACCGG-3'

Primers for gRT-PCR, see Table S1 This paper N/A
Recombinant DNA

Plasmid: pcDNA3.1-Flag/HA/Myc for all transient This paper N/A
expression vectors

Flag-tagged IRF3 and constructs This paper N/A
HA-tagged UAP1 and constructs This paper N/A
Flag-tagged UAP1 This paper N/A
Myc-tagged UAP1 This paper N/A
pET28a containing IRF3 This paper N/A
pET28a containing IP6K1 This paper N/A
pECFP-C1 containing UAP1 This paper N/A
pEYFP-C1 containing IRF3 This paper N/A
leti-CRISPR v2 vector Addgene Plasmid # 52961

Software and algorithms

Image Lab

Leica LAS AF
GraphPad Prism 8
Imaged

PyMol

Bio-Rad Laboratories, inc.

Leica Microsystem
GraphPad software, inc.
National Institutes of Health

Schrédinger, Inc.
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

SPCImage 3.10 Becker & Hickl N/A

ImagedJ National Institutes of Health https://imagej.nih.gov/ij

data.table R package v. 1.14.0 R Core Team https://rdatatable.gitlab.io/data.table/

stringdist R package v. 0.9.6.3 R Core Team https://github.com/markvanderloo/
stringdist

FlowdJo Tree Star software, inc. https://www.flowjo.com

ggplot2 R package v. 3.3.3 R Core Team https://cran.r-project.org/ web/packages/
ggplot2/index.html

Autodock Vina The Center for Computational https://Vina.scripps.edu

Structural Biology

RESOURCE AVAILABILITY

Lead contact
Further information and requests for reagents may be directed to and will be fulfilled by the lead contact Jun Cui (cuij5@mail.sysu.
edu.cn).

Materials availability
This study did not generate new unique reagents and plasmids and cell lines are listed in the key resources table and available for use
upon request to the lead contact.

Data and code availability

e Original western blots imaging data generated in this study are publicly available on Mendeley data: https://data.mendeley.
com/datasets/5w7rtsmxxp/2. The DOI is listed in the key resources table. RNA-seq data generated during this study are
deposited at the SRA under access number: PRINA868602. Mass spectrometry data is deposited at proteomeXchange data-
base via the iProX partner repository and made available at the following accession number: PXD038295. The dataset identifier
for these data is list in the key resources table.

® This study does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture and transfections

HEK293T (human embryonic kidney HEK293T) cells and A549 cells obtained from the Cell Bank of the Chinese Academy of Sci-
ences (Shanghai, China) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (CORNING, 10-013-CVR), supplemented
with 10% fetal bovine serum (Gibco) and 1% L-glutamine (Gibco). Bone marrow cells (BMs) were isolated from randomly chosen
8-week-old of wild-type or Uap7*~ mice and then BMs were differentiated into bone marrow-derived macrophages (BMDMs)
cultured in 10 ml conditioned medium (DMEM medium with 10 % fetal bovine serum, 1 % L-glutamine, penicillin-streptomycin
(Gibco,1:100), 100 ng/ml macrophage colony-stimulating factor (PeproTech). BMs were differentiated into bone marrow-derived
dendritic cells (BMDCs) cultured with RPMI 1640 containing 10% fetal bovine serum, 1% L-glutamine, penicillin-streptomycin, and
100 ng/ml granulocyte-macrophage colony stimulating factor (PeproTech). On day 3, most cells were adherent to the dish.
Discard the medium from the dish, and then the dish was supplemented with 10 ml of conditioned medium for further growth until
day 6. On day 7, the cells were used to perform the experiments. Peripheral blood mononuclear cells (PBMCs) were isolated from
blood from healthy donors (Zhongshan School of Medicine) collected in BD Vacutainer CPT tubes. PBMCs were cultured with
RPMI 1640 containing 10% fetal bovine serum, 1% L-glutamine, and penicillin-streptomycin. The using of PBMCs was duly in
compliance with institutional guidelines and approved protocols by Sun Yat-sen University, and all healthy donors signed a con-
sent form approved by the Research Ethics Committee of the Sun Yat-sen University Cancer Center (GZR2013-040). All cells were
incubated in 37 °C incubator with 5% CO,. HEK293T cells were transfected for 30 h with a combination of overexpression plas-
mids with Lipofectamine 2000 reagent (Invitrogen, 11668019). BMDMs were transfected with Flag-UAP1 for 30 h with jetPRIME
(Polyplus transfection, 114-01). Where indicated, cells were transfected with poly(l:C) (10 ng/ml) (InvivoGen) and poly(dA:dT) (5 png/
ml) (InvivoGen).
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Antibodies and reagents

The following antibodies were used: Flag (M2) (1:5,000; Sigma-Aldrich, A8592), B-actin (1:5,000; Sigma-Aldrich, A1978), Myc-horse-
radish peroxidase (1:3,000; Roche, 11814150001), HA-peroxidase (high affinity from rat immunoglobulin G1) (1:3,000; Roche,
12013819001), His (1:2,000; Proteintech, HRP-66005), phospho-TBK1 (Ser172) (1:1,000; Cell Signaling Technology, 5483S),
TBK1 (1:1,000; Cell Signaling Technology, 3013), phospho-IRF3 (Ser396) (1:1,000; Cell Signaling Technology, 4947S), phospho-
IRF3 (Ser386) (1:1,000; Cell Signaling Technology, 37829), phospho-STAT1 (Tyr386) (1:1,000; Cell Signaling Technology, 9171),
OGT (1:1,000; Cell Signaling Technology, 5368), UAP1 rabbit mAb (1:2,000; Proteintech, 67545), Mouse-derived anti-O-Linked
N-Acetylglucosamine (RL2) (1:1,000; Abcam, ab2739), IRF3 (1:1,000; Santa Cruz Biotechnology, sc-9082) and STAT1 (1:2,000;
Santa Cruz Biotechnology, sc-136). OSMI-1 compound was purchased from Sigma Aldrich (SML1621). No-(m-Trifluorobenzyl)
(TNP) was purchased from Sigma-Aldrich (519178280).

Luciferase reporter assays

Cells were seeded in 24-well plates and transfected with plasmids encoding the ISRE/IFN-B luciferase reporter (firefly luciferase,
100 ng) and TK luciferase reporter (Renilla luciferase, 10 ng) together with different plasmids. Cells were collected using passive lysis
buffer and luciferase activity was measured with the Dual-Luciferase Assay (Promega, E1941), according to the manufacturer’'s
protocol.

Recombinant proteins

All 6 xHis-tagged proteins (IRF3 WT, IRF3 S386A) were expressed and purified from E. coli strain BL21 (Thermo Scientific, EC0114).
Cells were resuspended in His-lysis buffer (50 mM Tris-HCI pH 7.9, 150 mM NaCl, 1% Triton X-100, 2 mM DTT [Sigma,
10,197,777,001], 20 mM imidazole [Sigma, 56,750], and protease inhibitors [Roche, 11,697,498,001]) and lysed by sonication. After
centrifugation and filtration, the extract was loaded onto Ni-NTA Columns (Thermo, R90110). After washing with lysis buffer for 5
times, the protein was eluted using lysis buffer containing 400 mM imidazole. The eluted proteins were dialyzed into TBS buffer
(50 mM Tris-HCI pH 7.9, 150 mM NaCl, 5% glycerol and 3 mM beta-mercaptoethanol [Sigma, M3148]). For purification of proteins
from HEK293T cells, Flag-TBK1, Flag-UAP1 and Flag-IRF3 were expressed by transient transfection and cells were harvested in low-
salt lysis buffer. The lysates were incubated Anti-Flag M2 Affinity Gel (Sigma, A2220) after clearing the lysate by centrifugation. The
bound material was eluted using lysis buffer containing 0.5 mg/mL 3 x Flag Peptide (APEX Bio, A6001) or 0.5 mg/ml Myc peptide
(APEX Bio, A6003).

Immunoprecipitation and immunoblot analysis

Relevant cells were lysed in low-salt lysis buffer (50 mM HEPES, pH 8.0, 150 mM NaCl, 1 mM EDTA (Vetec), 1.5 mM MgCl,, 10%
glycerol, 1% Triton X-100 (Sigma-Aldrich, T9284), a phosphatase inhibitor cocktail (5 mg/mL; Roche, 04906837001) and EDTA-
free protease inhibitor) and incubated on a rocker with ice for 30 min. Whole-cell lysates were centrifuged at 12,000 g/ 4 °C for
30 min and boiled at 100 °C for 5 min in 5xSDS loading buffer (FD Biotechnology, PD006). For immunoprecipitation experiments,
whole-cell extracts were incubated with anti-Flag M2 affinity gel (Sigma-Aldrich, A2220) or Protein A agarose (Pierce, 20333) and
protein G agarose (Pierce, 20399) overnight. The beads were washed 5 times with low-salt lysis buffer. The immunoprecipitates
were boiled at 100 °C for 5 min in 2xSDS loading buffer. The proteins were resolved by SDS-PAGE and transferred into PVDF mem-
brane (Bio-Rad) and incubated with the appropriate antibodies. The membranes were further incubated with the indicated antibodies
and detected with Immobilon Western Chemiluminescent HRP Substrate (Millipore). Images were performed using the ChemiDoc
MP System (Bio-Rad) and Image Lab version 6.0 (Bio-Rad software, California, USA).

Fluorescence resonance energy transfer (FRET)

A549 cells were seeded into 35 mm glass-bottom dishes (Nest Scientific, 801002) and transfected with indicated plasmids. Two days
post-transfection, cells were fixed with 4% paraformaldehyde washed and mounted in PBS. FRET assay was performed on a Leica
TCS SP8 confocal microscopy system, using FRET SE (sensitized emission) Leica software modules. At 460-nm excitation, FRET
was calculated as the ratio of YFP to CFP intensity. FRET efficiency was calculated as follows: EFRET = 1 Tpa/Tp, from measurement
of the donor intensity values in presence of the acceptor (Tpa) and the donor alone intensity values (Tp) in reference. GraphPad Prism
8 is used to plot the FRET results.

RNA extraction and quantitative RT-PCR

Total RNA was extracted by Trizol reagent (Invitrogen, 15596018) according to the manufacturer’s instructions. Reverse-transcribed
into cDNA using HiScript Il RT SuperMix for gPCR (+gDNA wiper) (Vazyme). Quantitative RT-PCR was performed with the 2x
PolarSignal SYBR Green mix Taq (with Tli RNaseH) (MIKX). Data shown are the relative abundance of the indicated mRNA derived
from human or mouse normalized by the standard of GAPDH. Gene-specific primer sequences were listed in Table S1.

Animals

C57BL/6J Uap1*’~ mice were generated by CRISPR/Cas9 technology. C57BL/6J WT mice (GDMLAC-O7) were purchased from
Guangzhou Medical Laboratory Animal Center of China. Animals were kept and bred in specific pathogen-free barrier facilities
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with standard conditions of temperature (20-25 °C) and humidity (30-70 %) 12-h light-dark cycles (lights on at 8:00 a.m. and off
8:00 p.m.) at Sun Yat-sen University. Institutional Animal Care and Use Committee of Sun Yat-sen University approved all the
experimental protocols concerning the handing of mice. 8-week-old mice were used in the experiments. All animal experiments
were performed according to the institutional guidelines at Sun Yat-Sen University (SYXK (YUE) 2017-0175, Guangzhou, China).

Histological assessment

The mice were euthanized by CO, from compressed gas cylinders. The tissues were fixed in 4 % paraformaldehyde for more than 24
h, and embedded in paraffin. The sections (thickness, 6 um) were stained with hematoxylin & eosin Y (Servicebio, China). Hematox-
ylin & eosin-stained sections were analyzed by microscope (DMi8; Leica).

Generation of CRISPR/Cas9 knockout cell lines

We analyzed single-guide RNA (sgRNA) in the website http://crispr.mit.edu/ and chose the sequences with the highest score to
design primers, sequences were listed in key resources table. Annealing products were annealed and then linked to the
pCRISPR-V2 vector.

The sgRNA sequences of IRF3 were as follows:

Forward 5'-CACCGTTGGAAGCACGGCCTACGGC -3’

Reverse 5'-AAACGCCGTAGGCCGTGCTTCCAAC-3’

The sgRNA sequences of UAP1 were as follows:

Forward 5'-CACCGTCGGCGTTGCATATCCTAAG-3',

Reverse 5'-AAACCTTAGGATATGCAACGCCGAC-3';

The Cas9 lentiviral plasmid used in our lab (Addgene plasmid no. 108100) harbors a puromycin-resistance marker, and
Cas9-expressing cells were selected using 1ug/ml puromycin (Thermo Fisher Scientific, A1113803). After HEK293T cells were
seeded, medium was replaced with DMEM containing lentiviruses expressing Cas9 and specific sgRNAs, and polybrene (10 ug/
ml) (Sigma-Aldrich) was added for 48 h. Cells were then selected by puromycin (Sigma-Aldrich) for 5 days, and polyclonal pools
of cells were generated for clonal screening and following experiments. Then the single clone was picked up for expansion with
another round of puromycin selection for 2 weeks. The knockout efficiency was checked by sequencing and immunoblot analysis.

Small interfering RNA (siRNA) transfection
Chemically synthesized siRNA duplexes were obtained from Transheep (Shanghai, China) and transfected using Lipofectamine
RNAIMAX (Invitrogen) according to the manufacturer’s instructions. RNA oligonucleotides used are as follows:

Control siRNA, 5-UUCUCCGAACGUGUGUCACGUTT-3’

UAPT siRNA #1, 5-AGACGUCUUGGACAACUGATT-3’

UAP1 siRNA #2, 5'-AGUAGCAGUUCUUCUUCUATT-3'

Enzyme-linked immunosorbent assay (ELISA)

Cells were stimulated with viruses or transfected with plasmids. The supernatants were collected for measurement of IFN-f by ELISA
kit. 8-week-old Uap1*/* and Uap1*'~ mice were intravenously injected with VSV (1 x108 pfu/g) or HSV-1 (2x 107 pfu/g) for 24 h, and
then the serum samples were absorbed from coagulated blood for measurement of IFN-B by ELISA kit according to the manufac-
turer’s protocols. ELISA kits for human IFN-B (luex-hifn-f) and mouse IFN- (luex-mifn-B) were purchased from InvivoGen.

Virus infection and titration

Cells were infected with SeV (MOI=1), VSV (MOI=1), HSV-1 (MOI=1), HIN1 (MOI=5), DENV-2 (strain 16681) (MOI=1) or ZIKV (GZ01,
KU820,898) (MOI=1) for indicated time periods. For in vivo studies, age- and sex-matched mice were infected by intravenous injec-
tion with HSV-1 (2x 107 pfu/g) or VSV (1x108 pfu/g). For virus infection survival experiments, mice were monitored for survival after
viral infection. Virus titers were determined from the 50% of the tissue culture’s infectious dose (TCID50). Cells were infected at
different multiplicity of infections (MOI).

Protein pyrophosphorylation assay

5B[2P] IP; was produced by phosphorylation of IPg using IP6K1 and y[32P] ATP (Perkin Eimer, NEGO02A).'® Recombinant IRF3 was
incubated with affinity-purified TBK1 from HEK293T cells in kinase buffer [25 mM Tris-HCI (pH 7.5), 5 mM B-glycerophosphate, 2 mM
DTT, 0.1 mM NazVO,, 10 mM MgCl,]. After 30 min of incubation, the reaction was stopped and purified for p-IRF3. For in vitro
pyrophosphorylation, protein extracts were incubated in IP; phosphorylation buffer [25 mM Hepes (pH 7.4), 50 mM NaCl, 6 mM
MgCI2, 1 mM DTT] and 1 pCi 5p[*2P] IP; for 15 min at 37°C. The reactions were heated at 95°C for 5 min in sample buffer before
separation by NuPAGE (Invitrogen, Carlsbad, CA). Radiolabeled proteins were detected by SDS-PAGE (The gel strips were subse-
quently dried and subjected to autoradiography).
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Molecular docking

Molecular docking was performed using docking program on Autodock Vina.®” Autodock Vina requires the input files of the
receptor macromolecule (UAP1, 1JVG) and ligands (IP;) in a PDBQT format along with the configuration file which contain param-
eters (gridbox size: size x=74.55, size y=74.55, size z=74.55 and gridbox center points in terms of x=-29.673, y=9.314, z=24.341,
energy range=4, exhaustiveness=12, num-modes=10). Perl scripts were used to prepare these configuration files and run the Vina
program.

Mass spectrometry analysis

Total lysates were prepared from IRF3 KO HEK293T cells transfected with Flag-IRF3 and followed by immunoprecipitation with
a-Flag M2 beads. Immunoprecipitated proteins were separated by SDS-PAGE, and then stained with Coomassie Blue. The entire
lane was excised, digested with trypsin, and analyzed with LC-MS/MS. LC-MS/MS identification of peptide mixtures was performed
once with two replicates per condition at BIOPROFILE TECHNOLOGY (Shanghai, China). Briefly, peptides were chromatographed
through Easy-nLC1200 (Thermo Fisher, California, USA). Peptide samples were loaded by Trap column (reverse-phase), (100 um*
2 cm, 5um, C18, Dr. Maisch GmbH) and separated by Thermo scientific EASY column (75 pm*15 ¢cm, 3 um, C18) at 300 nL min~"
for 60 min using a four-step acetonitrile (0.1% formic acid in 80% acetonitrile) gradient: 25% over the first 2 min and 5-28% for
2-44 min and 28-40% for 44-51 min and 40-100% for 51-53 min. The tandem mass spectrometry was performed by Q Exactive
mass spectrometer (Thermo Fisher, California, USA). The MS1 survey scan (350-1800 m/z) was at a resolution of 60,000 at
200 m/z with automatic gain control (AGC) target of 3e6 and a maximum injection time of 50 ms. Dynamic exclusion was 60.0 s.
Each full scan takes 20 MS2 scans. MS2 activation type was HCD model. Isolation window was 2 m/z. The MS2 survey was at a
resolution of 15,000 at 200 m/z with automatic gain control (AGC) target of 1e5 and a maximum injection time of 50 ms. RAW files
generated by spectrometer was subjected to Proteome Discoverer (version 1.4) software with searching the library of Uniprot
homo sapiens (uniprot-Homo sapiens (Human) [9606]-204995-20220606.fasta) for protein identification. Trypsin was specified as
the proteolytic enzyme, with up to two missed cleavage sites allowed. Carbamidomethylation was set as the fixed modification.
Oxidation (M) and ubiquitination [GlyGly (K)] were set as the variable modifications. The precursor mass tolerance was set to 20
ppm and the fragment ion tolerance at 0.1 Da. Proteins were identified based on at least one unique peptide. Protein and peptide
identification confidence threshold were set to an FDR of 1%. The tandem mass spectra of matched peptides were checked manu-
ally for their validity. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium (http://
proteomecentral.proteomexchange.org) via the iProX partner repository with the dataset identifier PXD038295.°%:%°

PPi measurement assay

All proteins (WT IRF3 or its indicated mutants) were produced in HEK293T cells, and purified with Flag beads and eluted with HEPES
buffer. A last wash was performed in phosphate buffer without sorbitol, and cells were pelleted and resuspended in 500 ul of HEPES
buffer (pH 7). The protein concentration was determined using a Pierce BCA Protein Assay kit (Thermo Scientific, 23227). The Flag-
tagged phosphopeptides were synthesized by ChinaPeptides Co., LTD. All these peptides were characterized by HPLC-MS/MS and
purity (not lower than 95%) was determined by HPLC-UV (220 nm). In brief, 1 mg of each peptide was dissolved in 200 uL of solvent
(100% H,0). 5 mg/mL of each peptide mentioned above was used for pyrosphosphate (PPi) measurement assay. For pyrosphos-
phate (PPi) measurement assay, equivalent protein quantities of cell lysate preparation were added to a 96-well flat-bottom black
plate (Greiner Bio-one). PPi was measured using a PhosphoWorks fluorimetric pyrophosphate assay kit (AAT Bioquest, 21614)
following the manufacturer’s protocol. The kit provided a chemical tool, PPi sensor, which could be used to visualize this modification
on protein. The PPi sensor used in the kit has quite high selectivity to PPi compared to phosphate and ATP. Additionally, this reagent
showed minimal interactions with other anionic functional groups. Briefly, 50 pl of various samples were incubated with 50 pl of PPi
Sensor working solution, incubated the reaction at room temperature for 10-30 minutes, monitored the fluorescence increase with a
fluorescence plate reader at Ex/Em = 370/470 nm.

RNA sequencing analysis

Total RNA of BMDMs was extracted by TRIzol (Invitrogen, 10296010), high-throughput sequencing was carried out based Illlumina
MiSeq platform in Shanghai Sangon Biotech Co., Ltd. following the manufacturer’'s recommendations. Quality control of the raw
fastq data was done with FastQC. All clean data were mapped to the mouse reference genome (mm10) using histat2.® The
aligned SAM file was converted into sorted BAM files by SAMtools, and the HTSeq-count program was used to count the total
number of reads that are mapped to the genome. To identify differentially expressed genes (DEGs) of all samples, DESeqg2
v.1.28.1 was used to normalize reads counts. P value < 0.05 and fold-change > 2 were determined as DEGs using Bioconductor
clusterProfiler package v3.14.3 for the functional enrichment of DEGs. The DAVID tool was used for GO analysis by applying
default parameters, except that only those transcripts fulfilling the condition of FPKM > 0.2 in the input samples were set as back-
ground.”" The column plots were generated based on the enriched GO terms using the ggplot2 in R package. All genes were an-
notated to Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways using KAAS (KEGG Automatic Annotation Server). RNA-
seq sequence density profiles were normalized per 10 million reads using bedtools in R package and visualized in IGV genome
browser. The UAP1 differential gene expression profiles were also subjected to gene set enrichment analysis (GSEA). GSEA was
performed using GSEA software.
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QUANTIFICATION AND STATISTICAL ANALYSIS

The data of all quantitative in vitro experiments are represented as mean + SEM of three independent experiments; data are reported
as means + SD of 3-10 mice per group. Images were analyzed with Imaged. Statistical analyses were done using the software Graph-
pad Prism version 8.0 (GraphPad Software, Inc, La Jolla, CA, USA). MantelCox test and Gehan-BreslowWilcoxon test were used for
mice survival analysis. Unpaired two-tailed Student’s t test with a P-value < 0.05 considered statistically significant between groups
was used for all statistical analyses.
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