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USP22 promotes IRF3 nuclear translocation and
antiviral responses by deubiquitinating the importin
protein KPNA2

Zeng Cai?@®, Meng-Xin Zhang"? Zhen Tang"? Qiang Zhang?®, Jing Ye?, Tian-Chen Xiong"?, Zhi-Dong Zhang*?, and Bo Zhong"?®

USP22 is a cytoplasmic and nuclear deubiquitinating enzyme, and the functions of cytoplasmic USP22 are unclear. Here, we
discovered that cytoplasmic USP22 promoted nuclear translocation of IRF3 by deubiquitianting and stabilizing KPNA2 after
viral infection. Viral infection induced USP22-IRF3 association in the cytoplasm in a KPNA2-depedent manner, and
knockdown or knockout of USP22 or KPNA2 impaired IRF3 nuclear translocation and expression of downstream genes after
viral infection. Consistently, Cre-ER Usp22®/ or Lyz2-Cre Usp22"/f mice produced decreased levels of type I IFNs after viral
infection and exhibited increased susceptibility to lethal viral infection compared with the respective control littermates.
Mechanistically, USP22 deubiquitinated and stabilized KPNA2 after viral infection to facilitate efficient nuclear translocation
of IRF3. Reconstitution of KPNA2 into USP22 knockout cells restored virus-triggered nuclear translocation of IRF3 and cellular
antiviral responses. These findings define a previously unknown function of cytoplasmic USP22 and establish a mechanistic

link between USP22 and IRF3 nuclear translocation that expands potential therapeutic strategies for infectious diseases.

Introduction

Detection of pathogen-associated molecular patterns by host
pattern-recognition receptors represents the first step to initiate
innate immune signaling (Akira et al., 2006). Viral nucleic acids,
including RNAs and DNAs, are classical pathogen-associated
molecular patterns that are recognized by TLRs, retinoic acid-
inducible gene I (RIG-I)-like receptors, and cytosolic DNA sen-
sors (Tan et al., 2018; Wu and Chen, 2014). These receptors
either recruit adaptor proteins or catalyze synthesis of second
messengers to directly or indirectly induce the oligomerization
of adaptor proteins. For example, upon binding to double-
stranded RNA, RIG-I directly interacts with the mitochondrial
adaptor protein VISA (also known as MAVS, IPS-1, and CARDIF)
and induces VISA to form prion-like oligomers (Hou et al., 2011;
Kawai et al., 2005; Meylan et al., 2005; Seth et al., 2005; Xu
et al., 2005), whereas cyclic AMP-GMP synthase binds to
dsDNA and catalyzes synthesis of 2'-3' cyclic AMP-GMP, which
binds to the ER and mitochondrial adaptor protein MITA (also
known as STING, ERIS, and MYPS) and induces oligomerization
of MITA (Ishikawa and Barber, 2008; Sun et al., 2013; Sun et al.,
2009; Wu et al., 2013; Zhong et al., 2008). The oligomerized
adaptor proteins further recruit kinases to phosphorylate and
activate transcription factors that enter into nucleus to initiate

transcription of a large array of downstream genes. It has been
shown that MITA recruits and activates TANK-binding kinase
1 (TBK1) to phosphorylate the transcription factor IRF3 at the
C-terminal cluster of serine residues (Sharma et al., 2003; Zhang
et al., 2019). Phosphorylated IRF3 undergoes dimerization and
enters the nucleus to initiate transcription of downstream genes
including type I IFNs and other cytokines.

Nuclear translocation of IRF3 are strictly controlled by the
nuclear export sequence (NES) and the NLS (Kumar et al.,
2000). Mutation of the NES of IRF3 fails to bind to the shut-
tling receptor CRM1 and results in a predominant localization in
the nucleus before or after viral infection. Viral infection in-
duces the binding of IRF3 to CBP/p300, which masks the NES of
IRF3 and promotes the nuclear accumulation of IRF3 (Kumar
et al., 2000). Two bipartite NLSs have been identified in IRF3,
and mutation either of them results in failure to translocate into
nucleus after viral infection (Zhu et al., 2015). More importantly,
simultaneous mutation both NLS and NES of IRF3 leads to the
retention in the cytoplasm with or without viral infection, in-
dicating that the presence of a functional NLS activity plays a
predominant role in the active transport and accumulation of
IRF3 in the nucleus.
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Macromolecules containing NLS shuttle from cytoplasm to
nucleoplasm in a manner dependent on a group of importin
proteins (also known as karyopherin, KPN) that form hetero-
dimers with an a and a B subunit (known as KPNA or KPNB;
Gorlich and Mattaj, 1996; Nigg, 1997). The a subunit recognizes
the NLS of the cargo proteins through the NLS-binding site, and
binds to the B subunit through its N-terminal importin-f8
binding domain. The B subunit docks to the nuclear pore com-
plex and subsequently facilitates translocation of the o subunit-
cargo protein complex into nucleus (Miyamoto et al., 2016). In
vitro binding assays suggest that KPNA3 and KPNA4 bind to
IRF3 dependently on the NLS of IRF3 and might be responsible
for the constitutive nuclear accumulation of NES-mutated IRF3
(Kumar et al., 2000). It is unclear whether these or other KPNA
proteins are involved in virus-triggered nuclear translocation of
IRF3 and how such a process is regulated.

Deubiquitinating enzymes (DUBs) remove poly- or mono-
ubiquitin conjugates from the target proteins and thereby reg-
ulate their stability or activity (Mevissen and Komander, 2017).
Ubiquitin-specific protease (USP) 22 belongs to the USP sub-
family of DUBs and is implicated in placenta development of
mice and cancers in humans (Kim et al., 2017; Koutelou et al.,
2019; Melo-Cardenas et al., 2016). USP22 contains an NLS and
shuttles between cytoplasm and nucleoplasm (Xiong et al.,
2014). It has been reported that USP22 interacts with ENY2
and ATXN7L3 and forms the transcriptional coactivator Spt-
Ada-GenS5-acetyltransferase (SAGA) complex to regulate global
levels of H2B monoubiquitination, thereby promoting antibody
class switch recombination by facilitating nonhomologous end
joining (Atanassov et al.,, 2016; Li et al., 2018; Ramachandran
et al.,, 2016). Recently, USP22 has been implicated in the con-
trol of cell cycle by deubiquitination of the GI cyclin D1 inde-
pendently of the SAGA complex (Gennaro et al., 2018). The
cytoplasmic functions of USP22 are unknown, and whether and
how USP22 is involved in viral infection-triggered signaling
remains to be investigated.

In this study, we found an essential cytoplasmic role of USP22
in virus-triggered nuclear translocation of IRF3 and cellular
antiviral responses. USP22 interacted with IRF3 after viral in-
fection in a KPNA2-dependent manner. USP22 deubiquitinated
and stabilized KPNA2, which facilitated virus-triggered nuclear
translocation of IRF3 and subsequent expression of downstream
genes. Knockout of USP22 impaired nuclear accumulation of
IRF3 after viral infection and potentiated viral replication
in vitro and in vivo, which was restored by complementation of
KPNA2. Collectively, these findings define a previously un-
known function of cytoplasmic USP22 and establish a mecha-
nistic link between USP22 and IRF3 nuclear translocation that
expands potential therapeutic strategies for infectious diseases.

Results

USP22 is associated with IRF3 after viral infection

IRF3 is a transcriptional factor that mediates expression of a
large array of genes after viral infection. We hypothesized that
DUBs might regulate the activity or stability of IRF3 and thereby
facilitate or inhibit cellular antiviral responses. To test this
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hypothesis, we screened the DUBs that interacted with IRF3 by
cotransfection of individual FLAG-tagged DUBs and GFP-IRF3
into HEK293 cells followed by coimmunoprecipitation and im-
munoblot assays. This led to the identification of USP22 as an
IRF3-interacting DUB in multiple screening assays (Fig. 1 A and
Fig. S1 A). In a parallel reporter screening assay, USP22 activated
Sendai virus (SeV)-induced activation of interferon stimulated
response element (ISRE) promoter (Fig. S1 B). We have found
that USP35 interacted with MITA/STING (stimulator of inter-
feron genes) and VISA/MAVS in similar screening (Liuyu et al.,
2019; Zhang et al., 2016), indicating that USP35 lacks specificity
and might not target IRF3. We also found that USP36 interacted
with IRF3 and potentiated SeV-induced activation of ISRE.
However, loss-of-function assay with siUSP36 showed that
knockdown of USP36 did not affect SeV-induced IFN-f promoter
luciferase activity (Fig. S1C). In contrast, USP22 is localized both
in the cytoplasm and nucleus, and knockdown of USP22 im-
paired virus-triggered expression of downstream genes (de-
scribed below). There is a higher possibility for USP22 than
other DUBs regarding the regulation of IRF3. We thus chose
USP22 for further study.

We next examined the endogenous association between IRF3
and USP22, and immunoblot analysis revealed that USP22 in-
teracted with IRF3 in mouse bone marrow-derived dendritic
cells (BMDCs) and MEFs after SeV or HSV-1 infection (Fig. 1 B).
USP22 has been reported to be localized in cytoplasm and nu-
cleoplasm (Xiong et al., 2014). We observed that USP22 inter-
acted with IRF3 and phosphorylated IRF3 (pIRF3) in the
cytoplasm but not in the nucleus after vesicular stomatitis virus
(VSV) or HSV-1 infection in BMDCs (Fig. 1 C). The N-terminal
four basic amino acid residues (163-KRRK-166) are an NLS es-
sential for the nuclear localization of USP22 (Xiong et al., 2014).
Interestingly, we found that the USP22(RR164/165AA) was still
associated with IRF3 (Fig. 1 D). In contrast, two IRF3 mutants,
IRF3(K77L) and IRF3(IL139/140AA), which lost their NLS and
NES signals and are localized in cytoplasm and nucleus, re-
spectively, failed to associated with USP22 (Fig. 1 D). Results
from domain mapping analysis suggested that the C-terminal
ubiquitin peptidase domain (aal69-525) of USP22 was respon-
sible for their association (Fig. 1 E). These data suggest that
USP22 interacts with IRF3 in the cytoplasm after viral infection.

Knockdown of USP22 inhibits IRF3 nuclear accumulation in
human cell lines

To determine whether USP22 is a physiological regulator for
IRF3, we designed three siRNAs targeting USP22, two of which
potently down-regulated the protein levels of ectopic and en-
dogenous USP22 (Fig. 2 A). The #2 siRNA was used for the ex-
periments described below, and similar results were obtained
with #3 siRNA. Results from quantitative reverse transcription
PCR (qRT-PCR) analysis suggested that knockdown of USP22
inhibited SeV- or HSV-1-induced expression of IFNB, ISG56, and
CCL5 in THP-1 cells and SeV-induced expression of IFNB, ISG56,
and CCL5 in HeLa cells (Fig. 2 B and Fig. S1 D). Previous study has
shown that USP22 interacts with ENY2 and ATXN7L3 and forms
the transcriptional coactivator SAGA complex to regulate global
levels of H2B monoubiquitination (Atanassov et al., 2016).
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Figure 1. USP22 interacts with IRF3 after viral infection. (A) Immunoprecipitation (IP, with anti-GFP) and immunoblot (IB, with anti-FLAG-HRP and anti-
GFP and goat anti-mouse IgG[H+L] antibody) analysis of HEK293 cells that were transfected with plasmids encoding GFP-IRF3 and FLAG-tagged DUBs for 24 h.
Cell lysates were analyzed by immunoblot with anti-FLAG-HRP or anti-GFP. (B) Immunoprecipitation (with control IgG or mouse anti-IRF3) and immunoblot
(with rabbit anti-USP22, anti-IRF3, and goat anti-rabbit IgG[H+L] antibody) of BMDCs (upper panels) and MEFs (lower panels) that were left uninfected or
infected with SeV or HSV-1 for 4-8 h. Cell lysates were analyzed by immunoblot with antibodies against the indicated proteins. (C) Immunoprecipitation (with
mouse anti-USP22) and immunoblot (with rabbit anti-USP22, anti-IRF3, anti-pIRF3 and goat anti-rabbit IgG[H+L] antibody) of cytoplasmic (Cyto) and nuclear
extracts from BMDCs that were left uninfected or infected with VSV or HSV-1 for 4-8 h. The cytoplasmic and nuclear extracts were analyzed by immunoblot
with antibodies against the indicated proteins. (D) Immunoprecipitation analysis (with anti-FLAG) and immunoblot analysis (with anti-FLAG-HRP or anti-GFP
and goat anti-mouse IgG[H+L] antibody) of HEK293 cells transfected with the indicated plasmids for 24 h. (E) Immunoprecipitation analysis (with anti-GFP) and
immunoblot analysis (with anti-HA or anti-GFP and goat anti-mouse IgG[H+L] antibody) of HEK293 cells transfected with plasmids encoding GFP-IRF3 and HA-
USP22 or truncations for 24 h. RRAA, USP22(RR164/165AA); ILAA, IRF3(IL139/140AA). Data are representative of three (A and B) or two (C-E) independent
experiments.

However, knockdown of ENY2 or ATXN7L3 had no obvious ef-  together suggest that USP22 is involved in nuclear accumulation

fect on SeV-induced expression of IFNB, ISG56, and CXCLIO in
HelLa cells (Fig. S1 E), indicating that USP22 regulates viruses-
triggered expression of downstream genes in human cell lines in
a manner independent of SAGA complex formation.
Phosphorylation and dimerization of IRF3 are two hallmarks
for the activation of IRF3 after viral infection. However, SeV- or
HSV-1-induced phosphorylation of IRF3 was not impaired by
knockdown of USP22 in THP-1 cells (Fig. 2 C). In addition, nei-
ther overexpression nor knockdown of USP22 affected virus-
induced dimerization of IRF3 in THP-1 or HelLa cells (Fig. 2 D
and Fig. S1 F). Surprisingly, instead, we found that knockdown
of USP22 substantially impaired nuclear accumulation of IRF3 in
THP-1 cells after SeV or HSV-1 infection (Fig. 2 E). These data
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of IRF3 after viral infection.

Knockout of USP22 in mouse primary cells impairs
virus-triggered signaling

USP22 has been implicated in early embryonic development
of mice and neurodegenerative diseases, and cancers in hu-
man and germline deletion of USP22 in mice leads to early
embryonic defects (Lin et al., 2012). To further investigate the
role of USP22 in antiviral signaling in vivo, we generated
Usp22f/* mice by CRISPR/Cas9-mediated genome editing
(Fig. 3 A). Southern blot analysis suggested that the targeting
vector was successfully recombined with the wild-type allele
(Fig. 3 B). Cre recombinase-mediated deletion of exon 2 with
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Figure 2. Knockdown of USP22 inhibits virus-triggered IRF3 nuclear accumulation. (A) Immunoblot analysis (with anti-FLAG or anti-HA) of HEK293T cells
transfected for 36 h with plasmids encoding FLAG-USP22 and HA-B-actin and either USP22-targeting siRNA (#1, #2, or #3) or control siRNA (siCon; upper
panels). Immunoblot analysis (with anti-USP22 or anti-B-actin) of THP-1 cells transfected with siCon siUSP22 (#1, #2, or #3; lower panels) for 36 h. (B) qRT-
PCR analysis of IFNB, I1SG56, CCL5, and USP22 mRNA in THP-1 cells transfected with siCon or siUSP22#2 for 36 h followed by infection with SeV or HSV-1 for
4-8 h. Rel,, relative. (C and D) Immunoblot analysis of total and plkBa and IRF3, total USP22, and B-actin (C) or IRF3 dimer (D) in THP-1 cells transfected with
siCon or siUSP22#2 for 36 h followed by infection with SeV or HSV-1 for 4-8 or 6-9 h. (E) Immunoblot analysis of cytoplasmic and nuclear IRF3 in THP-1 cells
inC.*, P <0.05 ** P<0.0]; *** P < 0.00]; and n.s., not significant (two-way ANOVA followed by Bonferroni post-test). Data are representative of four (A) or

three (B-E) independent experiments (graphs show mean = SD, n = 3).

flanking loxp sites would result in an early translational termi-
nation of USP22(aal-115) or Usp22 mRNA instability (Fig. 3 C).
The Usp22f/* mice were crossed with ROSA26-CreFR™? mice (here
referred to Cre-ER) to obtain Cre-ER Usp22f/* and Cre-ER
Usp22f/fl mice. Intraperitoneal injection of tamoxifen led to ef-
ficient deletion of USP22 in various organs including brain, lung,
kidney, and spleen (Fig. 3 D), suggesting that the strategy to
knock out USP22 in mice is reliable and successful. Results from
cytometry analysis showed that the immune cell numbers or
composition in the thymus, spleen, or peripheral lymph nodes
was comparable between Cre-ER Usp22f/+ and Cre-ER Usp22/1
mice (Fig. 3, E-G), indicating that knockout of USP22 does not
affect immune cell homeostasis.
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We next examined virus-triggered induction of downstream
genes in various 4-hydroxytamoxifen (4-OHT)-treated Cre-ER
Usp228/+ and Cre-ER Usp228/2 cells. As expected, the expression
of Usp22 was almost diminished in 4-OHT-treated Cre-ER
Usp22f/l BMDCs and bone marrow-derived macrophages
(BMDMs) compared with the Cre-ER Usp22f/+ counterparts (Fig. 4
A and Fig. S2 A). Results from qRT-PCR analysis suggested that
knockout of USP22 significantly impaired SeV-, VSV-, HSV-1-, or
transfected poly(I:C)-, cytoplasmic DNA-, and LPS-induced ex-
pression of Ifnb, Isgl5, and Ccl5 in BMDCs and BMDMs (Fig. 4, A
and B; and Fig. S2, A and B). In addition, knockout of USP22 in
BMDCs substantially impaired VSV-, HSV-1-, or ligand-induced
production of IFN-P and CCL5 in the supernatants of cell cultures
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Figure 3. Generation of Usp22f® mice. (A) A scheme for CRIPSR/Cas9-mediated genome editing of the Usp22 gene locus. (B) Southern blot analysis of the
F1 Usp22V+ mice. (C) Genotyping of Usp22+/*, Usp22™/+, and Usp22?/T mice. (D) Immunoblot analysis of USP22 and B-actin in brains, lungs, kidneys, and spleens
from 8-wk-old Cre-ER Usp22%/* (n = 2) and Cre-ER Usp22f/ (n = 2) mice that were intraperitoneally injected with tamoxifen for 5 successive days and rested for
7 d. (E-G) Flow cytometry analysis of thymus (E), spleen (F), and peripheral lymph nodes (G) of 8-wk-old Cre-ER Usp22/* (n = 3) and Cre-ER Usp22/f (n = 3)
mice treated as in D. Data are representative of two independent experiments (D-G; graphs show mean + SD). n.s., not significant.

(Fig. 4 C). Consistent with the results observed in human cell
lines, SeV- or HSV-1-induced phosphorylation or dimerization of
IRF3 was not affected by knockout of USP22 in BMDCs or MEFs
(Fig. S2, C-E). Instead, knockout of USP22 in BMDCs or MEFs
substantially inhibited the accumulation of IRF3 in the nucleus
(Fig. 4, D and E; and Fig. S2, F and G), suggesting that USP22
promotes virus-triggered nuclear translocation of IRF3. Consis-
tent with this notion, knockout of USP22 in BMDCs or MEFs
significantly promoted wild-type or GFP-tagged VSV or HSV-1
replication as determined by the plaque assays and flow cytom-
etry analyses (Fig. 4, F and G; and Fig. 5, A and B).

We also obtained Lyz2-Cre Usp22%/* and Lyz2-Cre Usp221/1
mice by crossing Usp22f/*mice and Lyz2-Cre mice and generated
Lyz2-Cre Usp22f/* and Lyz2-Cre Usp22f/l BMDCs or BMDMs
followed by viral infection and qRT-PCR analysis. Similar to the
findings in Cre-ER Usp22f/1 cells, Lyz2-Cre-mediated deletion of
USP22 significantly impaired SeV- or HSV-1-induced expression
of Ifnb and Isgl5 in BMDCs (Fig. 5 C). In addition, SeV- or HSV-
1-induced nuclear translocation of IRF3 was inhibited in Lyz2-
Cre Usp22f/l BMDCs or BMDMs compared with the Lyz2-Cre
Usp22f/+ counterparts (Fig. 5 D). Consistent with these ob-
servations, the replication of VSV-GFP or HI129-G4 was sub-
stantially potentiated in Lyz2-Cre Usp22%/ BMDCs compared
with Lyz2-Cre Usp22f/+ BMDCs as determined by the flow cy-
tometry and fluorescent microscopy imaging (Fig. 5 E). Together,
these data suggest that USP22 is essential for virus-triggered
nuclear translocation of IRF3 and subsequent cellular antiviral
responses.

USP22-deficient mice exhibit increased susceptibility to viral
infection

To characterize the role of USP22 in RNA virus infection in vivo,
we intraperitoneally injected tamoxifen (80 mg/kg) into Cre-ER
Usp22f/+ and Cre-ER Usp22f/f mice for 5 successive days, and 7 d
later, the mice were infected with VSV or HSV-1 via tail vein or
intraperitoneal injection. As shown in Fig. 6 A, the Cre-ER
Usp22f/fl mice were more susceptible to lethal VSV infection
than the control littermates. Moreover, the concentrations of
IFN-f and CCL5 were significantly decreased in the sera of Cre-
ER Usp228f mice compared with their respective control lit-
termates at 12 h after VSV infection (Fig. 6 B). The expression of
Ifnb, Isgl5, and Ccl5 was severely impaired in lungs or brains
from Cre-ER Usp22%/ mice compared with Cre-ER Usp22/* mice
at 24 h or 4 d after VSV infection, respectively (Fig. 6, C and D).
Consistently, the VSV titers were significantly higher in the
brains or kidneys of Cre-ER Usp22f/? mice than in those of Cre-
ER Usp22/* mice at 4 d after intraperitoneal injection of VSV
(Fig. 6 E). Similarly, we observed that knockout of USP22 led to
increased susceptibility to lethal HSV-1 infection and decreased
production of IFN-B and CCL5 in the sera after HSV-1 infection
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(Fig. 6, F and G). In addition, the expression of Ifnb, Isgl5, and Ccl5
was severely impaired in lungs or brains from Cre-ER Usp22/1
mice compared with Cre-ER Usp22/* mice at 24 h or 4 d after
HSV-1 infection, respectively (Fig. 6, H and I). The HSV-1 titers
were significantly increased in the brains or spleens by knock-
out of USP22 (Fig. 6 J). Similarly, deletion of USP22 by Lyz2-Cre
led to increased susceptibility to lethal VSV or HSV-1 infection
(Fig. 6 K) and decreased production of IFN-B and CCL5 in the
sera after VSV or HSV-1 infection (Fig. 6 L). These results col-
lectively suggest that USP22 positively regulates virus-induced
expression of downstream genes and is essential for host de-
fense against viruses in vivo.

The enzyme activity of USP22 is required for antiviral signaling
We next examined whether the nuclear localization or the
deubiquitinating activity was required for USP22-mediated ac-
tivation of antiviral signaling. The empty vector, USP22, the NLS
mutant USP22(RR164/165AA), or the enzymatic inactive mutant
USP22(C185S) was reconstituted into Cre-ER Usp22f/f cells fol-
lowed by 4-OHT treatment and SeV, VSV, or HSV-1 infection
(Fig. S3 A; Xiong et al., 2014). Results from qRT-PCR and ELISA
analysis suggested that virus-induced expression of Ifnb, Isgl5,
Ccl5, or Isg56 and production of IFN-B and CCL5 were substan-
tially rescued in Cre-ER Usp22f/fl MEFs reconstituted with
USP22 or USP22(RR/AA) but not in those reconstituted with
USP22(C185S) (Fig. 7, A and B; and Fig. S3 B), indicating that the
enzyme activity but not the nuclear localization of USP22 is
required for optimal virus-triggered signaling. In addition,
SeV- or HSV-1-induced nuclear translocation of IRF3 was in-
creased by the reconstitution of USP22 or USP22(RR/AA) but
not USP22(C185S) into Cre-ER Usp22/l MEFs (Fig. 7 C and Fig.
S2 C). Consistently, replication of VSV and HSV-1 was decreased
in Cre-ER Usp221/f MEFs reconstituted with USP22 but not in
those reconstituted with USP22(C185S) as monitored by GFP
signals or determined by plaque assays (Fig. 7, D-F). Taken to-
gether, these data suggest that USP22-mediated virus-triggered
signaling requires its deubiquitinating enzymatic activity.

USP22 functions at IRF3 level but does not target IRF3

for deubiquitination

Because USP22-mediated virus-triggered signaling requires its
enzyme activity and USP22 interacts with IRF3, we hypothe-
sized that USP22 might catalyze deubiquitination of IRF3 and
regulate the nuclear translocation of IRF3. However, we found
that SeV- or HSV-1-induced ubiquitination of IRF3 was compa-
rable between 4-OHT-treated Cre-ER Usp22f/* and Cre-ER
Usp22f/fl MEFs (Fig. S4 A). In addition, knockout of USP22 had
minimal effect on the stability of IRF3 after VSV infection (Fig.
S4 B). Overexpression or knockdown of USP22 potentiated or
inhibited IRF3(5D)-mediated activation of the ISRE reporter,
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Figure 4. Knockout of USP22 impairs virus-triggered IRF3 nuclear translocation. (A and B) Cre-ER Usp22* and Cre-ER Usp22'/fl BMDCs treated with
4-OHT (1 uM) for 3 d. The cells were infected with SeV, VSV, or HSV-1 for 4-8 h (A) or transfected with poly(I:C), ISD45, BDNA, HSV60, or HSV90 for 4 h (B)
followed by qRT-PCR analysis of Ifnb, Isg15, Ccl5, and Usp22 mRNA. (C) ELISA analysis of IFN-B and CCL5 in the supernatants of Cre-ER Usp22f/* and Cre-ER
Usp22" BMDCs treated as in A that were infected with VSV, HSV-1, or LPS for 12 h, or transfected with ligands for 6 h. (D) Immunoblot analysis of cytoplasmic
and nuclear IRF3 in Cre-ER Usp22+ and Cre-ER Usp22" BMDCs treated as in A that were infected with SeV, VSV, or HSV-1for 0-8 h. (E) Immunofluorescence
staining (with anti-IRF3) and microscopy imaging of BMDCs cells Cre-ER Usp22f/* and Cre-ER Usp22f/fl BMDCs treated as in A that were infected with VSV or
HSV-1 infection for 0-8 h. (F) Flow cytometry analysis (left graph) and microscopy imaging (right graph) of the replication of VSV-GFP or H129-G4 in Cre-ER
Usp22®/+ and Cre-ER Usp22f/l BMDCs treated as in A that were infected with VSV-GFP (multiplicity of infection [MOI] = 0.5) or H129-G4 (MOI = 1) for 1 h
followed by PBS wash twice and cultured in full medium for 24 h. Numbers adjacent to the outlined areas indicate percentages of GFP* BMDCs. (G) Plaque
assay of the supernatants of Cre-ER Usp22V* and Cre-ER Usp22Vl BMDCs treated as in A that were infected with VSV (MOI = 0.5) or HSV-1 (MOI = 1) for 1 h
followed by PBS wash twice and cultured in full medium for 24 h. *, P < 0.05; **, P < 0.01; and ***, P < 0.001; n.s., not significant (two-way ANOVA followed by
Bonferroni post-test or two-tailed t test). Scale bars represent 10 um (yellow bars, E) or 200 um (white bars, F). Data are representative of three (A-C) or two

(D-G) independent experiments (graphs show mean + SD, n = 3). SSC, side scatter.

respectively, and overexpression of USP22(RR/AA) but not
USP22(C185S) promoted IRF3- or IRF3(5D)-mediated activation
of ISRE (Fig. S4, C and D; Lin et al., 1998), indicating a pre-
dominant role of USP22 enzyme activity in the cytoplasm for
promoting the virus-triggered signaling. Previous study has
shown that phosphatase and tensin homolog (PTEN)-mediated
dephosphorylation of IRF3 at Ser97 facilitates its nuclear trans-
location (Li et al., 2016). We found that overexpression of USP22
potentiated IRF3(S97A)- but not IRF3(S97D)-, IRF3(IL139/140AA)-
or IRF3(IL139/140AA, S97A)-mediated activation of ISRE (Fig. S4
E). These data together suggest that USP22 facilitates virus-
induced nuclear translocation of IRF3 in the cytoplasm in a
manner dependent on its enzyme activity.

USP22 deubiquitinates and stabilizes KPNA2
Because USP22 does not directly target IRF3, we hypothesized
that USP22 might directly target an intermediate protein for
deubiquitination to regulate nuclear translocation of IRF3. Such
an intermediate protein should associate with both IRF3 and
USP22 and promote virus-triggered signaling by facilitating the
nuclear translocation of IRF3. KPNA proteins are shuttling re-
ceptors for NLS and play essential roles in nuclear translocation
of the NLS-containing proteins (Gérlich and Mattaj, 1996;
Miyamoto et al., 2016; Nigg, 1997). We first examined the as-
sociations between KPNAs and USP22 or IRF3 and found that
KPNA?2 was precipitated with IRF3 and USP22 (Fig. S5 A).
Mutation of the NLS of IRF3 (IRF3-K77L) failed to be precipi-
tated with KPNA2 (Fig. S5 B), indicating that the IRF3-KPNA2
association depends on the NLS of IRF3. Interestingly, IRF3(S97A)
and IRF3(S97D) exhibited increased and decreased binding to
KPNA?2, respectively (Fig. S5 B), indicating that PTEN-mediated
dephosphorylation of IRF3 at Ser97 modulates its association with
KPNA2. In contrast, mutation of USP22 NLS (USP22-RR/AA) did
not affect its association with KPNA2 (Fig. S5 B), suggesting that
USP22 interacts with KPNA2 independently of its NLS. Consistent
with this notion, results from domain mapping analysis suggested
that the C-terminal peptidase domain but not the N-terminal NLS
domain of USP22 was associated with KPNA2 (Fig. S5 C).
Results from endogenous immunoprecipitation assays sug-
gest that KPNA2 interacted with USP22 constitutively but in-
teracted with IRF3 or pIRF3 in THP-1 cells in a manner
dependent on viral infection (Fig. 8 A). Knockdown of KPNA2
impaired virus-induced USP22-IRF3 association in MEFs (Fig.
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S5 D), indicating that USP22 interacts with IRF3 through
KPNA?2 after viral infection. We next examined ubiquitination
of KPNA2 in USP22-sufficient or -deficient MEFs in the pres-
ence or absence of viral infection. The results showed that
virus-induced ubiquitination of KPNA2 was substantially po-
tentiated by knockout of USP22, and reconstitution of USP22
but not USP22(C185S) into USP22-deficient MEFs diminished
the ubiquitination of KPNA2 (Fig. 8 B and Fig. S5 E). In addition,
USP22 or USP22(RR164/165AA) but not USP22(C185S) deubi-
quitinated KPNA2 in vitro (Fig. S5 F), indicating that USP22
directly catalyzes deubiquitination of KPNA2. As expected, the
half-life of KPNA2 was shorter in USP22-deficient MEFs than
in USP22-sufficient MEFs after VSV infection, which was re-
versed by reconstitution of USP22 but not USP22(C185S)
(Fig. 8, C and D). The accelerated degradation of KPNA2 in
USP22 knockout MEFs was fully rescued by Bafilomycin Al
(BafAl) or knockdown of ATG7 but not by MG132 (Fig. 8, E and
F; Ohsumi, 2014), indicating that USP22 deubiquitinates and
protects KPNA2 from autophagy-dependent but proteasome-
independent degradation after viral infection. NDP52 and p62
are important selective autophagy receptors that recognize
and transport polyubiquitin-modified targets to autophago-
some (Thurston et al., 2009; Zheng et al., 2009). Interestingly,
knockdown of NDP52 but not p62 completely inhibited virus-
triggered degradation of KPNA2 in USP22-deficient MEFs
(Fig. 8 G and Fig. S5 G). These data together support the notion
that USP22-mediated deubiquitination of KPNA2 inhibits the
degradation of KPNA2 through the NDP52-mediated selective
autophagy pathway.

KPNA2 mediates virus-triggered nuclear translocation of IRF3
We next examined the effect of KPNA2 on virus-triggered signaling
and nuclear translocation of IRF3 and found that knockdown of
KPNA2 significantly inhibited VSV- or HSV-1-induced expression of
Ifnb and Isgl5 in primary MEFs or in THP-1 cells (Fig. 9, A and B). As
expected, knockdown of KPNA2 substantially impaired nuclear
translocation of IRF3 in MEFs after SeV or HSV-1 infection and
promoted the replication of VSV or HSV-1 in THP-1 cells (Fig. 9, C
and D). These data suggest that KPNA2 is essential for virus-induced
nuclear translocation of IRF3 and cellular antiviral responses.
Because USP22 regulates the stability of KPNA2, which fa-
cilitates nuclear translocation of IRF3, we speculated that com-
plementation of KPNA2 into USP22-deficient cells would restore
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Figure 5. USP22 is required for optimal induction of type I INFs after viral infection. (A) Cre-ER Usp227V* and Cre-ER Usp22®/ MEFs treated with 4-OHT
(1 uM) for 3 d. These cells were infected with VSV-GFP (MOI = 1) or H129-G4 (MO = 1) for 1 h followed by PBS wash twice and cultured in full medium for 24 h.
The replication of VSV-GFP and H129-G4 was measured by flow cytometry analysis (left) and microscopy imaging analysis (right). (B) Plaque assay of the
supernatants of Cre-ER Usp22?/+ and Cre-ER Usp22/ MEFs treated as in A that were infected with VSV (MOI = 1) or HSV-1 (MOI = 1) for 1 h followed by PBS
wash twice and cultured in full medium for 24 h. (C) Lyz2-Cre Usp22V+ and Lyz2-Cre Usp22" BMDCs (left two graphs) or BMDMs (right two graphs) were
infected with SeV or HSV-1 for 4-8 h followed by qRT-PCR analysis of Ifnb and Isg15 mRNA. (D) Immunoblot analysis of cytoplasmic and nuclear IRF3 in Lyz2-
Cre Usp22V* and Lyz2-Cre Usp22M/f BMDCs (left panels) or BMDMs (right panels) infected with SeV or HSV-1 for 4-8 h. (E) Lyz2-Cre Usp22V+ and Lyz2-Cre
Usp22f BMDCs were infected with VSV-GFP (MOI = 1) or H129-G4 (MOI = 1) for 1 h followed by PBS wash twice and cultured in full medium for 24 h. The
replication of VSV-GFP and H129-G4 was measured by flow cytometry analysis (left) and microscopy imaging analysis (right). *, P < 0.05; **, P < 0.01 (Student’s
t test or two-way ANOVA followed by Bonferroni post-test). Scale bars represent 200 um (A and E). Data are representative of two independent experiments

(graphs show mean + SD, n = 3). SSC, side scatter.

cellular antiviral responses. As expected, reconstitution of
KPNA2 into USP22 knockout MEFs restored the expression of
Ifnb and Ccl5 and the nuclear translocation of IRF3 after SeV or
HSV-1 infection (Fig. 10, A and B). Consistently, the replication
of VSV and HSV-1 was significantly inhibited in USP22 knockout
cells reconstituted with KPNA2 but not in those reconstituted
with empty vector (Fig. 10, C and D). Together, these data sug-
gest that USP22 promotes virus-induced nuclear translocation of
IRF3 by deubiquitinating and stabilizing KPNA2.

Discussion

USP22 is located both in the cytoplasm and the nucleus. Previous
studies have reported essential roles of the nucleic USP22 in
deconjugation of ubiquitin from monoubiquitin-modified H2B
and polyubiquitin-modified CCND1 to regulate DNA damage
repair and cell cycle progression, respectively (Atanassov et al.,
2016; Gennaro et al., 2018; Ramachandran et al., 2016). In ad-
dition, it has been reported that USP22 interacts strongly with
and functions at the level of IRF3 (Liu et al., 2018b). It is thus
enigmatic that USP22 catalyzes the removal of K27-linked
ubiquitin chains from MITA/STING in a transient transfection
and overexpression artificial system, though USP22 interacts
weakly with MITA/STING in the same system (Liu et al., 2018b).
In this study, by using multiple USP22 knockout mouse models
or cells, we identified a previously uncharacterized role of the
cytoplasmic USP22 in facilitating virus-induced nuclear trans-
location of IRF3. Knockout of USP22 impaired virus-induced
nuclear translocation of IRF3 without affecting its phosphoryla-
tion (at Sre396) or dimerization. Reconstitution of USP22(RR164/
165AA) but not USP22(C185S) restored the expression of type I
IFNs after viral infection, suggesting that the cytoplasmic USP22
was sufficient to support cellular antiviral responses. In this
context, we observed that IRF3(IL139/140AA), which is predomi-
nantly located in the nucleus, did not interact with USP22, and
USP22(RR164/165AA) interacted with IRF3, as did wild-type
USP22. Together, these findings suggest an essential role of cy-
toplasmic USP22 in promoting IRF3 nuclear translocation after
viral infection.

USP22 is a DUB, and its enzyme activity is critical for its
function in deubiquitinating H2B and CCNDI (Atanassov et al.,
2016; Gennaro et al., 2018). We also found that the enzyme ac-
tivity of USP22 was required for its promotion of IRF3 nuclear
translocation after viral infection. Although IRF3 is extensively
modified by ubiquitination (Lin and Zhong, 2015; Li and Zhong,
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2018), USP22 deficiency did not affect the ubiquitination or
stability of IRF3 in the presence or absence of viral infection,
indicating that USP22 might not directly target IRF3 for deubi-
quitination to facilitate its nuclear translocation. Instead, we found
that the protein levels of KPNA2 were substantially decreased and
the ubiquitination of KPNA2 was potentiated in USP22 knockout
cells compared with USP22-sufficient cells after viral infection.
Reconstitution of wild-type USP22 but not USP22(C185S) into
USP22 knockout cells diminished the ubiquitination of and sta-
bilized KPNA2. The down-regulation of KPNA2 in USP22 knock-
out cells was rescued by the autophagy inhibitor BafAl but not the
proteasome inhibitor MGI132, indicating that USP22 protects
KPNA2 from degradation in a manner independent of the pro-
teasome pathway. The type(s) of polyubiquitin chains on KPNA2
targeted by USP22 and how such a regulation is linked to
autophagy-mediated degradation require further investigations.

It is acknowledged that viral infection-induced activation of
IRF3 involves at least three sequential steps, i.e., phosphorylation,
dimerization, and translocation from cytoplasm into nucleus.
While the phosphorylation and dimerization of IRF3 have been
extensively studied, the mechanism and regulation of nuclear
translocation of IRF3 are less clear. Although KPNA3 and PKNA4
have been reported to bind to IRF3 in vitro (Kumar et al., 2000),
we observed that KPNA2 but not KPNA3 or KPNA4 was associated
with IRF3 in HEK293 cells in our transient transfection and
coimmunoprecipitation assays. Intriguingly, it has been observed
that p65 differentially binds to KPNA2 or KPNA3/4 in vivo and
in vitro in a fashion similar to IRF3 (discussed below; Liang et al.,
2013). In addition, IRF3(K77L), which lost its NLS, failed to interact
with KPNA2, indicating that IRF3 interacts with KPNA2 via its
NLS. A recent study has shown that PTEN-mediated dephospho-
rylation of IRF3 at Ser97 is critical for its nuclear translocation (Li
etal., 2016). Interestingly, we found that compared with wild-type
IRF3, IRF3(S97A) and IRF3(S97D) exhibited increased and decreased
binding to KPNA2, respectively, suggesting that dephosphorylation
of IRF3 at Ser97 facilitates its binding to KPNA2, which promotes its
nuclear translocation. In this context, we found that overexpression
of USP22 promoted IRF3(S97A)- but not IRF3(IL139/140AA)- or
IRF3(S97D)-mediated activation of ISRE. Together with the
observations that knockdown of KPNA2 impaired IRF3-USP22 as-
sociations after viral infection and that reconstitution of KPNA2 into
USP22 knockout cells restored virus-induced nuclear translocation
of IRF3 and expression of downstream genes, we concluded that
USP22 promotes nuclear translocation of IRF3 primarily through
deubiquitinating and stabilizing KPNA2.
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Figure 6. USP22-deficient mice exhibit increased susceptibility to viral infection. (A and F) Cre-ER Usp22"* (n = 14) and Cre-ER Usp22"/" (n = 14) mice
were intraperitoneally injected with tamoxifen (80 pg/g dissolved in corn oil) for 5 consecutive days and rested for 7 d followed by various experiments.
Survival (Kaplan-Meier curve) analysis of these mice intravenously injected with VSV (2 x 107 PFU per mouse; A) or HSV-1 (3 x 10° PFU per mouse; F).
(B and G) ELISA analysis of IFN-B and CCL5 in the sera of Cre-ER Usp22V* and Cre-ER Usp22"" mice treated as in A and intravenously injected with VSV (2 x
107 PFU per mouse, n = 6; B) or HSV-1(3 x 106 PFU per mouse, n = 6; G) for 12 h. (C, D, H, and 1) qRT-PCR analysis of Ifnb, Isg15, Ccl5, or Usp22 mRNA in the lungs
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(Cand H, n = 6 per group) and brains (D and I, n = 6 per group) from Cre-ER Usp22/+ and Cre-ER Usp22f/ mice treated as in A followed by intravenous injection
with VSV (2 x 107 PFU per mouse) or HSV-1 (5 x 108 PFU per mouse) for 24 h (Cand H) or 4 d (D and I). (E and J) Plaque assays analyzing VSV or HSV-1 titers in
the brains and kidneys (E) or brains and spleens (J) from Cre-ER Usp22%/*and Cre-ER Usp22f/f mice treated as in A followed by intraperitoneal injection with VSV
(2 x 107 PFU per mouse, n = 6) or HSV-1 (5 x 10% PFU per mouse, n = 6) for 4 d. (K) Survival (Kaplan-Meier curve) analysis of Lyz2-Cre Usp22/* (n = 9, left; n =
10, right) and Lyz2-Cre Usp22VfL (n = 10, left; n = 9, right) mice intravenously injected with VSV (2 x 107 PFU per mouse; left) or HSV-1 (3 x 106 PFU per mouse;
right). (L) ELISA analysis of IFN-B and CCL5 in the sera of Lyz2-Cre Usp22™/+ and Lyz2-Cre Usp22Vf mice intravenously injected with VSV (2 x 107 PFU per
mouse, n = 5) or HSV-1 (3 x 10% PFU per mouse, n = 5) for 12 h. *, P < 0.05; **, P < 0.01; and ***, P < 0.001 (Student’s t test). Data are a combination (A, F, and K)
or representative (B-E, G-}, L, and M) of two independent experiments (graphs show mean = SD).

Previously it has been shown that bacterially expressed or
baculovirus-expressed KPNA3 and KPNA4 bind to p65 in TNFa-
stimulated A549 cells (Fagerlund et al., 2005, 2008). However,
another study shows that KPNA2 and KPNBI bind to and par-
ticipate in the nuclear translocation of p65 (Wong et al., 2009).
Results from a more recent study suggest that knockdown of
KPNA2 but not KPNA3 or KPNA4 inhibits TNF-a-induced
KPNBI-p65 binding and nuclear translocation of p65 in A549
cells (Liang et al., 2013), indicating that KPNA2 is a primary
transporter for p65 nuclear translocation in cells. The mecha-
nisms behind the discrepancies are unclear. The simplest ex-
planation for this is that the cellular KPNA2 might undergo
posttranslational modifications that render different behaviors
from the bacterially expressed or baculovirus-expressed KPNA2,
which awaits more detailed investigations. In our study, we
found that knockout of USP22 impaired virus-triggered nuclear
translocation of p65 and induction of p65-target genes such as
Tnf and Il6, which was restored by reconstitution of KPNA2,
suggesting a role of the USP22-KPNA2 axis in NF-«B activation
after viral infection (data not shown). In this context, it has been
demonstrated that knockdown of KPNA2 or overexpression of
miR-302 cluster (KPNA2-targeting microRNAs) significantly
inhibits the nuclear translocation of p65 and the expression of
P65 target genes after EV71 infection (Peng et al., 2018).

Given the importance of the USP22-KPNA2-IRF3 axis in the
innate antiviral signaling, many viral proteins may target KPNA2
to block the function of KPNA2 as a strategy to counteract host
immune responses. For example, Japanese encephalitis virus NS5
protein binds to KPNA2 and blocks its association with IRF3 and
P65 to inhibit type I IFN induction, and hepatitis C virus NS3/4A
protein cleaves and inactivates KPNA2 (Wang et al., 2014; Ye et al.,
2017). So far, we do not know how KPNA2 is ubiquitinated after
viral infection. It is possible that some viral proteins work alone or
cooperate with host E3s to catalyze the ubiquitination of KPNA2.
In this context, it has been reported that vaccina virus A55 protein
recruits cullin-3 to mediate ubiquitination and degradation of
KPNA2 (Pallett et al., 2019). However, we also found that knockout
of USP22 inhibited poly(I:C)-, LPS-, or transfected DNA-induced
expression of Ifnb, which might be due to accelerated degradation
of KPNA2 and impaired nuclear translocation of IRF3. It is thus
more likely that host E3s alone are responsible for the ubiquiti-
nation and degradation of KPNA2 during viral infection or ligand
stimulation. We reason that these E3s interact with KPNA2 in
a stimulation (viral infection or ligand treatment)-dependent
manner that might tightly regulate the expression and/or activity
of the E3s. Such a strategy is helpful for avoiding excessive
harmful immune responses during infection while simultaneously
benefiting viral infection. Further studies are required to fully
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address this point. Nonetheless, it would be beneficial for viral
infection-related diseases by developing strategies that release
KPNA2 and restore KPNA2-IRF3 or KPNA2-p65 associations.

Materials and methods

Mice

Usp22f/+ mice were generated by GemPharmatech Co. Ltd. In
brief, guide RNAs (5'-GCAACTATGAATATAGTGGTAGG-3' and
5'-GTCTGTTACATGCAGTGGTGGGG-3') were obtained through
in vitro transcription and purification. The guide RNAs were
incubated with purified Cas9 protein and injected into the fer-
tilized eggs (at the one-cell stage) together with the targeting
vector with two loxp sites flanking the exon 2 of the Usp22 gene.
The injected fertilized eggs were cultured to the two-cell stage
followed by transplantation into pseudopregnant mice. The
targeted genomes of FO mice were amplified by PCR and se-
quenced, and the chimeras were crossed with wild-type C57BL/6
mice to obtain F1 Usp22%/* mice. Southern blot analysis was
conducted with the tail DNA from F1 mice to confirm correct
recombination and exclude random insertions of the targeting
vector. Lyz2-Cre mice were purchased from the Nanjing Bio-
medical Research Institute of Nanjing University. Cre-ER mice
(B6.129-Gt(ROSA)26Sortmi(cre/ERT2)TY]) were from the Jackson
Laboratory and were kindly provided by Dr. C. Dong (Tsinghua
University, Beijing, China). Usp22/* mice were crossed with
Cre-ER mice or Lyz2-Cre mice to obtain Cre-ER Usp22f/* and
Lyz2-Cre Usp22/* mice, respectively. Age- and sex-matched
Cre-ER Usp22f/+ and Cre-ER Usp22f/ littermates or Lyz2-Cre
Usp22f/+ and Lyz2-Cre Usp22f/f! littermates were used for all
the described experiments. All mice were housed in the specific
pathogen-free animal facility at Wuhan University, and all an-
imal experiments were in accordance with protocols approved
by the Institutional Animal Care and Use Committee of Wuhan
University. Mice genotypes were determined by PCR analysis of
tail DNA, and the genotyping primers are as follows (wild-type
allele is of 241 bp; floxed allele is of 330 bp; positive Cre-ER is of
825 bp; positive Lyz2-Cre is of 750 bp): Usp22 forward: 5'-GCT
ACCAAGAGTCCACAAAGCAG-3', Usp22 reverse: 5'-CGCCGAAG
TTTGGCTGAGTGTT-3’; Cre-ER forward: 5'-AAAGTCGCTCTGA
GTTGTTAT-3', Cre-ER reverse: 5'-CCTGATCCTGGCAATTTCG-
3'; Lyz2-Cre forward: 5'-CTTGGGCTGCCAGAATTTCTC-3’, and
Lyz2-Cre reverse: 5'-CCCAGAAATGCCAGATTACG-3'.

Tamoxifen-mediated knockout of USP22

To achieve conditional knockout of USP22, 9-10-wk-old
Cre-ER Usp22f/* and Cre-ER Usp22%/l mice were injected intra-
peritoneally with tamoxifen (80 mg/kg body weight, dissolved
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Figure 7. USP22 functions dependently on its enzyme activity. (A) qRT-PCR analysis of Ifnb, Isg15, or Ccl5 mRNA in Cre-ER Usp22" MEFs treated with
4-OHT (1 uM) for 3 d and reconstituted with the empty vector (phage), USP22, USP22 (C185S) followed by infection with VSV, or HSV-1 for 0-8 h. (B) ELISA
analysis of IFN-B and CCL5 in the supernatants of Cre-ER Usp22f/fl MEFs treated as in A followed by infection with VSV or HSV-1 for 24 h. (C) Immunoblot
analysis of cytoplasmic and nuclear IRF3 in cells obtained in A followed by infection with SeV or HSV-1for 0-8 h. (D and E) Flow cytometry analysis (left graph)
and microscopy imaging (right graph) of the replication of GFP-VSV (D) or H129-G4 (E) in cells obtained in A infected with VSV-GFP (MOI = 0.5) or HSV-1-GFP
(MOI = 0.5). SSC, side scatter. (F) Plaque assays analyzing VSV or HSV-1 titers in the supernatants of cells obtained in A that were infected with VSV (MOI =
0.5) or HSV-1(MOI = 0.5) for 24 h. *, P < 0.05; **, P < 0.01; n.s., no significant (two-way ANOVA followed by Bonferroni post-test). Scale bars represent 200 um
(D and E). Data are representative of two independent experiments (graphs show mean + SD, n = 3).
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Figure 8. USP22 deubiquitinates and stabilizes KPNA2. (A) Immunoprecipitation (IP, with rabbit anti-KPNA2) and immunoblot (with mouse anti-USP22,
anti-IRF3, and rabbit anti-KPNA2 or anti-pIRF3, goat anti-rabbit, and anti-mouse IgG[H+L] antibody) of THP-1 cells that were left uninfected or infected with
SeV or HSV-1 for 4-8 h. Cell lysates were analyzed by immunoblot with antibodies against the indicated proteins. (B) Denature-IP (with anti-KPNA2) and
immunoblot analysis (with anti-Ub, anti-KPNA2, anti-USP22 or anti-GAPDH) of Cre-ER Usp22V+ and Cre-ER Usp22Vt MEFs treated with 4-OHT (1 uM) for 3 d
and reconstituted with empty vector (phage), USP22, or USP22(C185S) followed by infection with SeV or HSV-1 for 0-8 h. (C) Immunoblot analysis of KPNA2,
USP22, GAPDH, and Lamin Bl in the cytoplasmic (30 pg) and nuclear (45 pg) extracts of Cre-ER Usp22®/* and Cre-ER Usp22fl MEFs treated as in B followed by
infection with VSV for 0-8 h. (D) Immunoblot analysis of KPNA2, FLAG-USP22, and GAPDH in Cre-ER Usp227/ MEFs treated as in B followed by infection with
VSV for 0-12 h. (E) Immunoblot analysis of KPNA2, USP22, and GAPDH in Cre-ER Usp22* and Cre-ER Usp22V MEFs treated as in B followed by infection with
VSV for 12 h in the presence of MG132 or BafAl for 11 h. (F and G) Immunoblot analysis of KPNA2, USP22, ATG7, and GAPDH of Cre-ER Usp22"/* and Cre-ER
Usp22VU MEFs treated with 4-OHT for 3 d and transfected with siATG7 (F) or siNDP52 (G) for 36 h followed by infection with VSV for 8 h. Data are rep-
resentative of two independent experiments.

in corn oil; Sigma-Aldrich, T5648) for 5 successive days. 7 d
later, mice were either subjected to euthanasia to test the
knockout efficiency or infected with VSV or HSV-1. To knock out
USP22 in cultured cells, Cre-ER Usp22f/+ and Cre-ER Usp22f/fl
cells were treated with 4-OHT (1 puM; Sigma-Aldrich, H6278) for
2 or 3 d. Cells were then reseeded into culture dishes or plated in
4-OHT-free medium and rested for 24 h followed by infection
with SeV, VSV, or HSV-1, or transfection with poly(L:C) or
double-stranded DNA or treatment with LPS.
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Preparation of cytoplasmic and nuclear proteins

Cells were harvested with ice-cold PBS and lysed by douncing
20 times in 500 pl membrane lysis buffer (10 mM, pH 7.9,
Hepes, 10 mM KCl, 0.1 mM EDTA, 0.4% Nonidet P-40) con-
taining protease inhibitors. The homogenate was centrifuged at
500 g for 10 min. The supernatant was saved as cytosol, and the
pellet was saved as crude nuclei. The crude nuclei were washed
twice with 500 pl membrane lysis buffer and resuspended in
20-50 il of extract buffer (20 mM, pH 7.9, Hepes, 0.4 M NaCl,

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20191174

G20z Jequiede( GO uo 3senb Aq ypd-y /L1610 Wel/L8Z1Z8L/v. L L610Z8/S/.L L z/Pd-elie/wal/Bio ssaidnyj/:dny woly papeojumoq

14 of 19


https://doi.org/10.1084/jem.20191174

A Kpna2 Ifnb Isg15 [ shCon
Il shKpna2 & -
%) o 1o
g SN
=S 50. 4 -KPNA2
€ 35. S—-GAPDH
TJ‘
@
B
I siCon A VSV'P
B siKPNA2 #1 sibon
Il siKPNA2 #2
°© N oo
E “ ?‘“P%&Pﬁ IsikPna2 #1
= EQF Py :
4
P — -KPNA2
E 150 3007 €%« 50
[0 *x 35. S—-GAPDH
o s
100 200+ it
H129-G4
50 100+ iCon
o W T
& L & F
C Cyto Nucleus . —
shCon _shKpna2 shCon shKpna2 0.014 37.7 SIKPNA2 #1
0 4 8 0 4 80 4 8 04 8~h :
s0- S PR
50— — — e -KPNA2 ?
SeV 1%} N
35- — -GAPDH e N
90- ' >
— . — e e == -_amin B1
o R e
P — -KPNA2
50-
HSV-1
S 35- - w——— -GAPDH
go- —— . . —

Figure 9. Knockdown of KPNA2 inhibits virus-triggered IRF3 nuclear translocation. (A) qRT-PCR of Ifnb, Isg15, or Kpna2 mRNA (left graphs) and im-
munoblot analysis (with anti-KPNA2 or anti-GAPDH; right panels) of MEFs stably transfected with an empty shRNA vector (shCon), or shRNA targeting KPNA2
(shKpna2). (B) qRT-PCR of IFNB, ISG15, ISG56, or KPNA2 mRNA (left graphs) and immunoblot analysis (with anti-KPNA2 or anti-GAPDH; right panels) of THP-1
cells transfected with an empty siRNA vector (siCon), or siRNA targeting KPNA2 (siKPNA2 #1 or #2). (C) Immunoblot analysis of cytoplasmic and nuclear IRF3 in
THP-1 cells obtained in A that were infected with SeV or HSV-1 for 0-8 h. (D) Flow cytometry analysis (left) and microscopy imaging (right) of THP-1 cells
obtained in B that were infected with VSV-GFP or H129-G4 for 24 h. *, P < 0.05; **, P < 0.03; ***, P < 0.001 (two-way ANOVA followed by Bonferroni post-
test). Scale bars represent 200 um (D). Data are representative of three (A and B) or two (C and D) independent experiments (graphs show mean + SD, n = 3).
SSC, side scatter.

1 mM EDTA) and shaken vigorously every 30 s for 15 min, fol-  dilutions were removed, and the infected Vero cells were washed

lowed by centrifugation at 15,000 g for 10 min. The supernatants
containing nuclear proteins were saved for subsequent analysis.

Plaque assay

The supernatants of cell cultures or tissue homogenates (or the
serial dilutions) from infected Cre-ER Usp22f/* and Cre-ER
Usp22f/8 mice (tamoxifen treated) were used to infect monolay-
ers of Vero cells. 1 h later, the supernatants or the homogenates or
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with prewarmed PBS twice followed by incubation with DMEM
containing 2% methylcellulose for 48 h. The cells were fixed with
4% paraformaldehyde for 15 min and stained with 1% crystal violet
for 30 min before counting the plaques.

Reagents, antibodies, and constructs
Poly(I:C) and LPS were described previously (Liuyu et al., 2019;
Luetal., 2017; Zhang et al., 2016). Mouse control IgG (Santa Cruz
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Figure 10. Reconstitution of KPNA2 into USP22 knockout cells restores virus-triggered IRF3 nuclear translocation. (A) qRT-PCR analysis of Ifnb, Ccl5,
or Usp22 mRNA in Cre-ER Usp22"/* and Cre-ER Usp22" MEFs treated with 4-OHT (1 uM) for 3 d and reconstituted with empty vector (phage) or KPNA2
followed by infection with SeV or HSV-1 for 0-8 h. (B) Immunoblot analysis of cytoplasmic and nuclear IRF3 in Cre-ER Usp22/+ and Cre-ER Usp22/fl MEFs
treated as in A followed by infection with SeV or HSV-1 for 0-8 h. (C) Microscopy imaging of the replication of GFP-VSV or H129-G4 in cells obtained in A
infected with VSV-GFP (MOI = 0.5) or HSV-1-GFP (MOI = 0.5). (D) Plaque assay of the supernatants of Cre-ER Usp22"/* and Cre-ER Usp22Vl MEFs treated as in
A followed by infection with VSV (MOI = 0.5) or HSV-1 (MOI = 0.5) for 1 h followed by twice PBS wash and cultured in full medium for 24 h. *, P < 0.05; ***, P <
0.003; n.s., not significant (two-way ANOVA followed by Bonferroni post-test). Scale bars represent 200 pm (C). Data are representative of three (A) or two

(B-D) independent experiments (graphs show mean + SD, n = 3).

Biotechnology, sc-2025) and rabbit control IgG (Millipore,
12-370), HRP-conjugated goat-anti mouse or rabbit IgG (Thermo
Fisher Scientific, PA1-86717 and SA1-9510), mouse anti-FLAG
(Sungene, KM8002), anti-FLAG-HRP (Sigma-Aldrich, A8592-
1MG), anti-GAPDH (Sungene, KM9002), anti-B-actin (KM9001),
anti-tubulin (F0601), anti-HA (COVANCE, MMS-101R), anti-
plxBo (9246L), anti-ubiquitin (sc-8017), anti-IRF3 (sc-33641),
anti-USP22 (sc-390585), rabbit anti-lamin Bl (Proteintech,
12987-1-AP), anti-p62 (Cell Signaling Technologies, 39749S),
anti-ATG7 (Cell Signaling Technologies, 8558S), anti-IRF3 (sc-
9082), anti-p-IRF3 (Cell Signaling Technologies, 4947S), anti-
IxBa (sc-371), anti-IxBa (Cell Signaling Technologies, 9246L),
and anti-USP22 (Abcam, ab-195289) were purchased from the
indicated manufacturers. Rabbit anti-sera to NDP52 were raised
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against recombinant murine NDP52(1-160). The ISRE promoter
luciferase reporter constructs, mammalian expression plasmids
for RIG-1, VISA, MITA, TBK], IRF3, IRF3 truncations, and ubig-
uitin were previously described (Liuyu et al., 2019; Sun et al.,
2017; Zhang et al., 2016). Mammalian expression plasmids for
USP22 and USP22 mutants and truncations were constructed by
standard molecular biology techniques. Plasmids encoding KPNA
proteins were kindly provided by Dr. B. Ge (Tongji University,
Shanghai, China; Liu et al, 2018a). Plasmids encoding IRF3
mutants were gifts from Dr. Y. Chen (Wuhan University, Wuhan,
China; Li et al., 2016; Zhu et al., 2015). Staining antibodies against
CD3, CD4, CD8, CD19, CD25, CD44, and CD62L were purchased
from Biolegend. Flow cytometry analysis was performed with a
BD FACSCelesta system.
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Quantitative real-time PCR and ELISA

Total RNA was extracted from cells using TRIzol (Invitrogen),
and the first-strand cDNA was reverse-transcribed with All-in-One
cDNA Synthesis SuperMix (Biotool). Gene expression was examined
with a Bio-Rad CFX Connect system by a fast two-step amplification
program with 2x SYBR Green Fast qPCR Master Mix (Biotool). The
value obtained for each gene was normalized to that of the gene
encoding B-actin. Gene-specific primers have been described pre-
viously (Liuyu et al., 2019). The ELISA kits for IFN-B and CCL5
(Biolegend) were used to detect the indicated cytokines in the sera.

Co-immunoprecipitation and immunoblot analysis

The experiments were performed as previously described
(Liuyu et al., 2019; Lu et al., 2017; Zhang et al., 2016). In brief,
cells were lysed in Nonidet P-40 lysis buffer containing 150 mM
NaCl, 1 mM EDTA, 1% Nonidet P-40, and 1% protease and phos-
phatase inhibitor cocktail (Biotool). Cell lysates were subjected to
Native-PAGE or SDS-PAGE, and immunoblot analysis was per-
formed with the appropriate antibodies. For immunoprecipitation
assays, the lysates were immunoprecipitated with IgG or the ap-
propriate antibodies, and the precipitants were washed three times
with lysis buffer containing 500 mM Nacl, followed by immunoblot
analysis. The antibodies were diluted in 3-5% (wt/vol) fat-free milk
(BD Biosciences) or 1% BSA (Sigma-Aldrich) in TBS (1:500-1:2,000).

In vivo and in vitro deubiquitination assays

These experiments were performed as previously described
(Liuyu et al., 2019; Sun et al., 2017; Zhang et al., 2016). For
deubiquitination assays in cells, cells were lysed with the lysis buffer
(100 wl), and the supernatants were denatured at 95°C for 5 min in
the presence of 1% SDS by lysates. The denatured lysates were di-
luted with lysis buffer until the concentration of SDS was reduced
below 0.1% followed by immunoprecipitation (denature-IP) with the
indicated antibodies. The immunoprecipitants were subject to im-
munoblot analysis with anti-ubiquitin. For in vitro deubiquitination,
FLAG-tagged KPNA2 and Myc-tagged ubiquitin were cotransfected
into HEK 293 cells. Denature-IP was performed, and the precipitants
were eluted by 3x FLAG peptide (Sigma-Aldrich) to obtain ubiquitin-
modified IRF3. USP22, USP22(RR164/165AA), and USP22(C185S)
were obtained by an in vitro transcription and translation kit
(Promega). The ubiquitinated KPNA2 was incubated with in vitro
synthesized proteins at 37°C for 2 h followed by overnight incubation
at 16°C in the presence of 1 uM ATP. The mixture was analyzed by
immunoblot with the indicated antibodies.

The plasmid encoding GST-Ub-Tandem Ubiquitin Binding Entity
(TUBE) was previously described and kindly provided by Dr. M.
Gyrd-Hansen (University of Oxford, Oxford, UK; Fiil et al., 2013).
GST-TUBE was expressed in Escherichia coli (DE3) and purified with
a GST column as previously described (Ye et al., 2019; Zhao et al.,
2018). To analyze ubiquitinated KPNA2 or IRF3, GST-TUBE was
incubated with cell lysates and pulled down by GST beads. The GST
beads were washed with lysis buffer containing 500 mM NaCl three
times and subject to PAGE electrophoresis and immunoblot analysis.

Transfection and luciferase reporter assay
HEK293 cells were cotransfected with ISRE promoter firefly
luciferase reporter plasmid and a TK-Renilla luciferase reporter,

Cai et al.
USP22 facilitates nuclear translocation of IRF3

together with vector or various DUBSs, or control siRNA or siRNA
targeting USP22. 24 h later, cells were infected with SeV for 8 h.
Luciferase activity was measured with a Dual-Luciferase Re-
porter Assay System (Promega).

Cell culture

MEFs were prepared from E14.5 embryos. Bone marrow cells
were isolated from mouse femur. The cells were cultured in
DMEM containing 20% fetal bovine serum, 1% streptomycin and
penicillin, and 10 .M B-mercaptoethanol, with M-CSF (10 ng/ml,
Peprotech) for BMDM differentiation or GM-CSF (20 ng/ml,
Peprotech) for BMDC differentiation. Primary cells of Cre-ER
Usp22%/+ and Cre-ER Usp22f/f were treated with 4-OHT (1 pM
dissolved in ethyl alcohol; Sigma-Aldrich, H6278).

siRNA and shRNA

The siRNAs were synthesized and transfected with Lipofect-
amine 2000 according to the manufacturer’s manual. 24 h after
transfection, cells were harvested or stimulated followed by
immunoblot, quantitative PCR, or deubiquitination assays. Oligo
DNAs targeting mouse Kpna2 were synthesized, annealed, and
inserted into the pLenti-GFP vector. The siRNA and shRNA se-
quences are listed as follows: Control, 5'-UUCUCCGAACGUGUC
ACGUTT-3'; siUSP22#1: 5'-CCUGCCUCUACUGUGUCUUTT-3’; si-
USP22#2, 5'-GGAGAAAGAUCACCUCGAATT-3'; siUSP22#3, 5'-
GCUACCAGGAGUCCACAAATT-3'; siUSP36#1, 5'-GCAAGAGCU
UCUCCUACCATT-3'; siUSP36#2, 5'-GCACACGUAUGAGAGCUG
UTT -3’; siKPNA2#1: 5'-GCAUCAUGAUGAUCCAGAATT-3’; siKP-
NA2#2, 5'-GGAGCUUCUGAAUUGCCAATT-3'; siATXN7L3#1, 5'-
GGACAUCUUUGGACAGGUUTT-3'; siATXN7L3#2, 5'-GCCUAGG
UUCCAACAAGAATT-3’; siENY2#1, 5'-GGUUAGCAAGAUGAAC
AAATT-3'; siENY2#2, 5'-GAGCUCCUACAAAGAAUAATT-3'; siA-
TG7#1, 5'-CAGACAAGAAGCUCCUUCUTT-3'; siATG7#2, 5'-CAG
CCUGGCAUUUGAUAAATT-3'; sip62#1, 5'-GGAACUCGCUAUAA
GUGCATT-3'; sip62#2, 5'-GAUGACUGGACACAUUUGUTT-3’; si-
NDP52#1, 5'-GGAGAUAUCAUGUGCUAUUTT-3’; siNDP52#2, 5'-
GCGCUACCAGUUCUGCUAUTT-3’; and shKpna2: 5'-GCAGAT
TCTTCCTACGTTA-3'.

Viral infection

For viral replication assays, cells (2-5 x 10%) were infected with
VSV, HSV-1, VSV-GFP, or H129-G4. 1 h later, the supernatants
were removed, and cells were washed with prewarmed PBS
(1 ml) twice followed by culture in full medium for 24 h. Viral
replication was analyzed by flow cytometry analysis or standard
plaque assays. For mice infection, age- and sex-matched Cre-ER
Usp22f/* and Cre-ER Usp22f/ littermates were injected with
VSV (2 x 107 PFU per mouse) or with HSV-1 (3 x 10 PFU per
mouse), and the survival of animals was monitored every day.
The lungs or brains were collected for qRT-PCR analysis and
plaque assays at 24 h or 4 d after infection, respectively.

Immunofluorescence labeling and confocal microscopy

Cells were fixed for 10 min with 4% paraformaldehyde in PBS
and then were permeabilized for 15 min with 0.2% Triton X-100
in PBS. After blockade of nonspecific binding by incubation of
cells for 30 min with 1% BSA in PBS, coverslips were incubated
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with the appropriate primary antibodies (identified above) and
then sequentially with FITC-goat anti-rabbit immunoglobulin G
(sc-2012, Santa Cruz Biotechnology) and then were visualized
with a Leica confocal microscope under a 40x objective.

Lentivirus-mediated gene transfer

HEK293 cells were transfected with phage-6tag-IRF3, phage-
6tag-USP22, phage-6tag-USP22(RR164/165AA), phage-6tag-
USP22(C185S), phage-6tag-KPNA2, pLenti-shKpna2, or the
empty vector along with the packaging vectors pSPAX2 and
pMD2G. The medium was changed with fresh full medium (10%
FBS, 1% streptomycin-penicillin, and 10 uM B-mercaptoetha-
nol) after 8 h. 40 h later, the supernatants were harvested to
infect MEFs followed by various analyses.

Statistical analysis

Differences between experimental and control groups were
tested using Student’s t test or two-way ANOVA with Bonferroni
post-test. P values <0.05 were considered statistically signifi-
cant. For animal survival analysis, the Kaplan-Meier method
was adopted to generate graphs, and the survival curves were
analyzed with log-rank analysis.

Online supplemental material

Fig. S1 characterizes USP22 as an IRF3-interacting protein, and
shows knockdown of USP22 inhibits SeV-induced expression of
downstream genes without affecting the dimerization of IRF3.
Fig. S2 shows knockout of USP22 inhibits virus-triggered ex-
pression of downstream genes and nuclear translocation of
IRF3 but does not affects the phosphorylation or dimerization
of IRF3 in BMDMs or MEFs. Fig. S3 provides evidence that the
enzyme activity but not the nuclear localization of USP22 is
essential for virus-triggered expression of downstream genes
and nuclear translocation of IRF3. Fig. S4 demonstrates USP22
deficiency does not affect ubiquitination or stability of IRF3.
Fig. S5 describes KPNA2 as a substrate and interacting protein
of USP22.
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Figure S1. USP22 interacts with IRF3. (A) Immunoprecipitation (IP, with anti-GFP) and immunoblot (1B, with anti-FLAG and anti-GFP and goat anti-mouse
lgG[H+L] antibody) analysis of HEK293 cells that were transfected with plasmids encoding GFP-IRF3 and FLAG-tagged DUBs for 24 h. Cell lysates were
analyzed by immunoblot with anti-GFP. (B) Luciferase reporter assays analysis of ISRE activity of HEK293 cells that were transfected with plasmids encoding
FLAG-tagged USPs for 24 h followed by infection with SeV for 8 h. Rel. Act. Luc., relative actvity of luciferase. (C) Luciferase reporter assays of IFN-B promoter
activity of HEK293 cells that were transfected with control siRNA or siUSP36 for 36 h followed by infection with SeV for 8 h. Immunoblot analysis of FLAG-
USP36 and HA-B-actin in HEK293 cells that were transfected with plasmids encoding FLAG-USP36 and HA-B-actin and control siRNA or siUSP36 for 36 h.
(D) gRT-PCR analysis of IFNB, ISG56, CCL5, and USP22 mRNA in Hela cells transfected with control siRNA (siCon) or siRNA targeting USP22 (siUSP22#1,
siUSP22#2, or siUSP22#3) for 36 h followed by infection with SeV for 0-8 h. (E) qRT-PCR analysis of IFNB, ISG56, CXCL10, and ATXN7L3 or ENY2 mRNA in Hela
cells transfected with control siRNA (siCon) or siRNA targeting ATXN7L3 (siATXN7L3#1 or SIATXN7L3#2) or siRNA targeting ENY2 (siENY2#1 or SiENY2#2) for
36 h followed by SeV infection with for 0-8 h. (F) Immunoblot analysis of IRF3 dimer in HEK293 cells transfected with FLAG-USP22 for 24 h (left) or siUSP22#2
for 36 h (right) followed by infection with SeV for 0-9 h. *, P < 0.05; **, P < 0.01; ***, P < 0.001; n.s., not significant (two-way ANOVA followed by Bonferroni
post-test). Data are representative of two (A-C and E) or three (D and F) independent experiments (graphs show mean = SD, n = 3).
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Figure S2.  Knockout of USP22 inhibits virus-triggered IRF3 nuclear translocation. (A and B) Cre-ER Usp22"/+ and Cre-ER Usp22/ BMDMs treated with
4-OHT (1 uM) for 3 d. The cells were infected with SeV, VSV, or HSV-1 for 4-8 h (A) or stimulated with poly(I:C) or LPS for 6 h (B) followed by qRT-PCR analysis
of Ifnb, Isq15, Ccl5, and Usp22 mRNA. (C) Immunoblot analysis of total and plkBa, IRF3, total USP22 and B-actin in Cre-ER Usp22V+ and Cre-ER Usp227/ BMDMs
treated as in A that were infected with SeV or HSV-1for 4-8 h. (D and E) Immunoblot analysis of IRF3 dimer in Cre-ER Usp22f/* and Cre-ER Usp22Vl BMDMs
(D) or MEFs (E) treated as in A that were infected with SeV or HSV-1 for 6-9 h. (F) Immunoblot analysis of cytoplasmic and nuclear IRF3 in Cre-ER Usp22/+ and
Cre-ER Usp22f/" BMDMs treated as in A that were infected with SeV or HSV-1 for 4-8 h. (G) Immunofluorescence staining (with anti-IRF3) and microscopy
imaging analysis of BMDMs treated as in A that were infected with VSV or HSV-1 infection for 0-8 h. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant
(two-way ANOVA followed by Bonferroni post-test). Scale bars, 10 pm. Data are representative of three (A and B) or two (C-G) independent experiments
(graphs show mean = SD, n = 3).
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Figure S3. The enzyme activity of USP22 is required for virus-triggered IRF3 nuclear translocation. (A) Immunofluorescence staining (with anti-FLAG)
and microscopy imaging of Cre-ER Usp22"f BMDMs treated with 4-OHT (1 uM) for 3 d that were reconstituted with the empty vector (phage), FLAG-tagged
USP22, USP22 (RR164/165AA), or USP22 (C185S) followed by infection with SeV for 6 h. (B) qRT-PCR analysis of Ifnb, Ccl5, and Isg56 mRNA in Cre-ER Usp22™/7
BMDM:s treated as in A followed by infection with SeV for 0-8 h. (C) Immunoblot analysis of cytoplasmic and nuclear IRF3 in Cre-ER Usp22/fl MEFs treated
with 4-OHT (1 uM) for 3 d that were reconstituted with the empty vector (phage), FLAG-tagged USP22, or USP22 (RR164/165AA) followed by infection with
SeV or HSV-1 for 0-8 h. *, P < 0.05; **, P < 0.01 (two-way ANOVA followed by Bonferroni post-test). Scale bars, 10 um. Data are representative of two

independent experiments (graphs show mean + SD, n = 3).
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Figure S4. USP22 does not target IRF3 for deubiquitination. (A) Denature-IP (with rabbit anti-IRF3) and immunoblot analysis (with mouse anti-ubiquitin,
anti-IRF3, anti-B-actin, or rabbit anti-USP22, goat anti-rabbit and anti-mouse IgG[H+L] antibody) of Cre-ER Usp22"/+ and Cre-ER Usp22f/fl MEFs treated with
4-OHT for 3 d followed by infection with SeV or HSV-1 for 8 h. (B) Immunoblot analysis (with anti-IRF3, anti-USP22, or anti-GAPDH) of Cre-ER Usp22"* and
Cre-ER Usp22Vl MEFs treated as in A followed by infection with VSV for 0-12 h. (C) Luciferase reporter assays analyzing ISRE activity of HEK293 cells
transfected with plasmids encoding HA-tagged RIG-I, VISA, MITA, cyclic AMP-GMP synthase, TBK1, IRF3, IRF3-5D, and FLAG-tagged USP22 (upper) for 24 h or
siUSP22#2 (lower) for 36 h. (D) Luciferase reporter assays analyzing ISRE activity of HEK293 cells transfected with plasmids encoding IRF3 or IRF3-5D and the
empty vector (phage), USP22, USP22 (RR164/165AA), or USP22 (C185S) for 24 h. (E) Luciferase reporter assays analyzing ISRE promoter activity of HEK293
cells transfected with plasmids encoding the empty vector (phage) or USP22 and IRF3 or the indicated IRF3 mutants for 24 h. *, P < 0.05; **, P < 0.0; ns, not
significant (two-way ANOVA followed by Bonferroni post-test). Data are representative of two (A and B) or three (C-E) independent experiments (graphs show

mean + SD, n = 3).
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Figure S5.  USP22 interacts with and deubiquitinates KPNA2. (A) Immunoprecipitation (IP, with anti-FLAG) and immunoblot (IB, with anti-FLAG, anti-GFP,
and goat anti-mouse IgG[H+L] antibody) analysis of HEK293 cells that were transfected with plasmids encoding FLAG-tagged KPNAs and GFP-IRF3 (upper
panels) or GFP-USP22 (lower panels) for 24 h. Cell lysates were analyzed by immunoblot with anti-FLAG or anti-GFP. (B) Immunoprecipitation (with anti-FLAG)
and immunoblot (with anti-FLAG-HRP and anti-GFP and goat anti-mouse IgG[H+L] antibody) analysis of HEK293 cells that were transfected with plasmids
encoding HA-KPNA2 and FLAG-tagged IRF3 or IRF3 mutants (upper panels) or FLAG-tagged USP22 or USP22 mutants (lower panels) for 24 h. Cell lysates were
analyzed by immunoblot with anti-FLAG or anti-HA. (C) Immunoprecipitation (with anti-FLAG) and immunoblot (with anti-FLAG, anti-HA, and goat anti-mouse
lgG[H+L] antibody) analysis of HEK293 cells that were transfected with plasmids encoding FLAG-tagged KPNA2 and HA-tagged USP22 or USP22 truncations
for 24 h. Cell lysates were analyzed by immunoblot with anti-FLAG-HRP or anti-HA. UCH, ubiquitin carboxyl-terminal hydrolase. (D) Immunoprecipitation (with
mouse anti-IRF3) and immunoblot (with rabbit anti-IRF3, anti-USP22, and goat anti-rabbit and anti-mouse IgG[H+L] antibody) analysis of MEFs that were
transfected with control shCon or shKpna2 followed by infection with SeV for 0-8 h. Cell lysates were analyzed by immunoblot with anti-IRF3, anti-USP22, and
anti-KPNA2. (E) GST-TUBE pull-down assay (with GST beats and TUBE) and immunoblot analysis (with anti-ubiquitin, anti-KPNA2, anti-USP22, anti-IRF3, or
anti-GAPDH) of Cre-ER Usp22%/+ and Cre-ER Usp22V MEFs treated as in D followed by infection with SeV or HSV-1 for 8 h. (F) In vitro deubiquitination analysis
of ubiquitin-modified KPNA2 eluted from anti-FLAG precipitates by FLAG peptide of HEK293 cells transfected with FLAG-KPNA2 and Myc-ubiquitin incubated
with in vitro-generated USP22, USP22 (RR164/165AA), or USP22 (C185S) obtained from an in vitro transcription and translation kit. (G) Immunoblot analysis of
KPNA2, USP22, p62, and GAPDH of Cre-ER Usp22/* and Cre-ER Usp22/fl MEFs treated with 4-OHT for 3 d and transfected with sip62 or siNDP52 for 36 h
followed by infection with VSV for 0-8 h. Data are representative of two independent experiments.
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