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Optimal activation of TANK-binding kinase 1 (TBK1) is crucial for initiation of innate antiviral immunity and maintenance of
immune homeostasis. Although several E3 ubiquitin ligases have been reported to requlate TBK1 activation by mediating its
polyubiquitination, the functions of deubiquitinase on TBK1 activity remain largely unclear. Here, we identified a deubiquiti-
nase complex, which is formed by ubiquitin specific peptidase 1 (USP1) and USP1-associated factor 1 (UAF1), as a viral infec-
tion—induced physiological enhancer of TBK1 expression. USP1-UAF1 complex enhanced TLR3/4 and RIG-I-induced IFN
regulatory factor 3 (IRF3) activation and subsequent IFN-f secretion. Mechanistically, USP1 and UAF1 bound to TBK1, re-
moved its K48-linked polyubiquitination, and then reversed the degradation process of TBK1. Furthermore, we found that
ML323, a specific USP1-UAF1 inhibitor, attenuated IFN-p expression and enhanced viral replication both in vitro and in vivo.
Therefore, our results outline a novel mechanism for the control of TBK1 activity and suggest USP1-UAF1 complex as a po-
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tential target for the prevention of viral diseases.

INTRODUCTION

The production of type I IFNs (IFN-a/f) is a fundamen-
tal host response to combating invading viruses (Liu et al.,
2011; Wang and Fish, 2012; Hoffmann et al., 2015). Various
virus structural components, including nucleic acid and sur-
face glycoproteins, are recognized as pathogen-associated
molecular patterns by pattern recognition receptors (PRRs)
expressed in multiple immune cells. All PRRs use the key
molecule TANK-binding kinase 1 (TBK1) to activate down-
stream signal transduction. TLR3/4 recruit TLR/IL-1R do-
main—containing adaptor protein—inducing IFN-f (TRIF)
and initiate TRIF-dependent signaling (Kawai and Akira,
2010; O’Netll et al., 2013). Retinoic acid-inducible gene-I
(RIG-I) recruits the signaling adaptor mitochondrial antivi-
ral signaling (MAVS, also known as IPS-1, Cardif, or VISA;
Loo and Gale, 2011;Yoneyama et al., 2015). The DNA sen-
sor cyclic GMP-AMP synthase (cGAS) triggers a stimula-
tor of interferon genes (STING)—dependent pathway (Cai
et al., 2014). TRIE MAVS, or STING then activates TRAF
family member—associated NF-kB activator-binding kinase
1 (TBK1). Activated TBK1 then phosphorylates IFN regula-
tory factor 3 (IRF3) and triggers its dimerization and nuclear
translocation, where it forms active transcriptional complexes
that bind to IFN-stimulation response elements (ISRE) and
triggers type I IFN genes transcription. Type I IFN binds to
IFN o/ receptor IFNAR) and promotes the production of
numerous antiviral genes through the JAK/STAT pathway
(Porritt and Hertzog, 2015). Thus, TBK1 is a critical kinase
required for the induction of type I IFNs and subsequent
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cellular antiviral responses, and its activity must be fine-tuned
during viral infection.

Ubiquitination is an important protein posttranslational
modification for the control of TBK1 activity and innate an-
tiviral immunity (Zhao, 2013; Heaton et al., 2016). Lysine 63
(K63)-linked polyubiquitination of TBK1 is required for its
activation, whereas K48-linked ubiquitination of TBK1 pro-
motes its degradation in proteasome. Previously, we reported
that TR AF-interacting protein (TRIP), a virus-induced E3
ubiquitin ligase, negatively regulated innate antiviral response
by promoting K48-linked polyubiquitination and proteaso-
mal degradation of TBK1 (Zhang et al., 2012). In addition,
another E3 ubiquitin ligase DTX4, can be recruited by NLR
protein NLRP4 to interact with TBK1, and then promote
K48-linked polyubiquitination TBK1 (Cui et al., 2012).Thus,
DTX4, TRIP, and NLRP4 form a signalosome and mediate
TBK1 ubiquitination (Lin et al., 2016). Although several E3
ubiquitin ligases have been reported to regulate TBK1 acti-
vation, the functions of deubiquitinating enzymes on TBK1
activity remain largely unclear. Whether any deubiquitinating
enzymes exist to specifically remove K48-linked ubiquitina-
tion of TBK1, reverse the degradation process of TBK1, and
thus stabilize its expression remains to be identified.

Ubiquitin specific peptidase 1 (USP1), a member of
USP family, could deubiquitinate a wide range of substrates
(Cohn et al., 2007; Williams et al., 2011; Ogrunc et al., 2016).
The deubiquitinase activity of USP1 could be promoted by
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its binding partner USP1-associated factor 1 (UAF1, also
called WD40 repeat containing protein 48 [WDR48] or p80;
Cohn et al.,2009; Sowa et al., 2009). UAF1 and USP1 form a
deubiquitinase complex, which participates in a variety of bi-
ological processes, such as regulation of DNA repair processes
and tumor pathogenesis. UAF1-deficient mouse die during
embryo development (Park et al., 2013), and USP1-deficient
mice also exhibit a higher rate of perinatal lethality (Kim et
al., 2009). However, the potential role of USP1-UAF1 com-
plex in the immune system, especially in the innate antiviral
immunity, remains unknown.

In this study, we identified USP1-UAF1 deubiquitinase
complex as a physiological enhancer of TLR3/4-, RIG-I-,
and c¢GAS-induced antiviral signaling by targeting TBK1.
Mechanistically, UAF1 and USP1 bound to TBK1, removed
K48-linked polyubiquitination of TBK1, and then stabilized
its expression. Therefore, our results outline a novel mech-
anism for the control of TBK1 activity and suggest USP1—
UAF1 deubiquitinase complex as a potential target for the
prevention of viral diseases.

RESULTS AND DISCUSSION

Expression pattern of UAF1 and USP1 during viral infection
First, we examined the expression status of UAF1 and USP1
during viral infection. Sendai virus (SeV), a kind of ssRINA
virus recognized by RIG-I (Loo and Gale, 2011), markedly
induced UAF1 and USP1 expression in mouse primary peri-
toneal macrophages at the early stage of infection (Fig. 1 A).
However, UAF1 and USP1 expression was decreased to nor-
mal levels at a later stage of viral infection (Fig. 1 A). Inter-
estingly, IFN-f stimulation dramatically decreased UAF1 and
USP1 expression (Fig. 1 B). Collectively, these data illustrate
the dynamic changes of UAF1 and USP1 expression during
viral infection, suggesting that USP1-UAF1 complex is po-
tentially involved in the regulation of antiviral responses.

USP1-UAF1 complex facilitates IFN-3 production

Next, we investigated the effects of USP1-UAF1 deubi-
quitinase complex on IFN-f production in macrophages.
ML323, a selective USP1-UAF1 inhibitor (Liang et al.,2014),
was used to inhibit deubiquitinase activity of USP1-UAF1
complex. ML323 treatment greatly decreased IFN-f secretion
in SeV-infected macrophages in a dose-dependent manner
(Fig. 1 C). ML323 treatment also markedly decreased IFN-f
secretion in interferon-stimulating DNA (ISD, which can be
recognized by cGAS) transfected macrophages (Fig. 1 D). In
addition, UAF1 and USP1 overexpression both significantly
enhanced LPS-, polyinosinic:polycytidylic acid [poly(I:C)]-,
and SeV-induced IFN- reporter gene activation (Fig. 1 E),
with no effects on NF-kB activation (Fig. 1 F).

To further investigate the function of UAF1 and USP1
on IFN-P production, synthesized interfering RNAs target-
ing mouse UAF1 or USP1 were used to suppress endoge-
nous UAF1 or USP1 expression. UAF1 siRNA 3 and USP1
siRINA 1, which have a higher efficiency to inhibit the ex-
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pression of target proteins (Fig. 1, G and H), have a greater
potential to increase LPS-induced IFN- secretion (Fig. 1,
I and J). Therefore, UAF1 siRINA 3 and USP1 siRNA 1
were used in the following experiments. UAF1 and USP1
knockdown both substantially inhibited LPS-, poly(I:C)- and
SeV-induced IFN-f production in mouse peritoneal mac-
rophages (Fig. 1 K), with no effects on TNF-a and IL-6 se-
cretion (Fig. 1 L). In addition, UAF1 and USP1 knockdown
both markedly attenuated ISD-induced IFN- secretion in
macrophages (Fig. 1 M).

UAF1 constitutes three deubiquitinating enzyme com-
plexes, including USP1/UAF1, USP12/UAF1, and USP46/
UAF1 (Cohn et al., 2009; Sowa et al., 2009). We thus exam-
ined whether USP12 or USP46 could regulate IFN-f ex-
pression. USP12 siRNA 2 and USP46 siRINA 1, which have
a higher efficiency to inhibit endogenous USP12 and USP46
expression, respectively (Fig. 1 N), were used in the following
experiments. USP12 and USP46 knockdown both had no ef-
fects on IFN-P secretion (Fig. 1 O). Collectively, these results
indicate that USP1-UAF1 deubiquitinase complex facilitates
TLR3/4-, RIG-I—, and cGAS-induced IFN- production.

USP1-UAF1 complex facilitates IRF3 activation

IRF3 is the key transcription factor required for IFN-f§ ex-
pression in TLR and RIG-I signaling (Kawai and Akira, 2010).
We examined the effects of USP1-UAF1 deubiquitinase
complex on IRF3 activation. UAF1 and USP1 both signifi-
cantly enhanced TRIF- and TBK1-induced IRF3 reporter
gene activation in HEK293T cells (Fig. 2 A). However, UAF1
and USP1 had no effects on MyD88-, TRIF-, and RIG-I-in-
duced NF-xB activation (Fig. 2 B). In addition, ML323 treat-
ment greatly attenuated SeV- and ISD-induced IRF3 and
STAT1 phosphorylation (Fig. 2, C and D). To investigate the
physiological function of USP1-UAF1 complex in IRF3 ac-
tivation, mouse peritoneal macrophages were transfected with
UAF1 or USP1 siRNA. UAF1 and USP1 knockdown both
markedly inhibited LPS-, poly(I:C)-, SeV-, and ISD-induced
phosphorylation of IRF3 (Fig. 2, E-H). Phosphorylation of
STAT1 at Tyr701 after viral infection is IFN-P dependent.
UAF1 and USP1 knockdown both dramatically attenuated
SeV- and ISD-induced Tyr701 phosphorylation of STATT,
indicating the effect of USP1-UAF1 complex is consistent
for IFN-B—mediated signaling (Fig. 2, G and H). Collectively,
these data indicate that USP1-UAF1 deubiquitinase complex
facilitates IRF3 activation and subsequent IFN-f signaling.

UAF1 and USP1 interact with TBK1

To determine the molecular targets of USP1-UAF1 deu-
biquitinase complex in TLR3/4- and RIG-I-induced signal
transduction, the effects of UAF1 and USP1 on IFN-f pro-
moter activation mediated by RIG-I, MDA5, MAVS, TRIE
TBK1, and IRF3 were examined in luciferase assays. UAF1
and USP1 both significantly enhanced RIG-I-, MDA5-,
MAVS-, TRIF-, and TBK1-induced IFN-f promoter activa-
tion (Fig. 3 A). Wild-type IRF-3 induces marginal levels of
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Figure 1. USP1-UAF1 complex enhances IFN-B production. (A and B) Western blot analysis of UAF1 and USP1 expression in mouse peritoneal macrophages
infected with SeV/ (A) or stimulated with IFN- (B) for the indicated time periods. (C) Mouse peritoneal macrophages were treated with increasing amounts of ML323
for 4 h and then stimulated with SeV for 18 h. ELISA analyzed IFN-B production. (D) Mouse peritoneal macrophages were treated with 30 uM ML323 for 4 h and then
transfected with ISD for 8 h. ELISA analyzed IFN-B production. (E and F) RAW264.7 cells were transfected with IFN-B or NF-kB reporter plasmid together with UAF1
and USP1 expression plasmids or a control plasmid and analyzed for luciferase activity after treatment with LPS for 6 h, poly(I:C) for 6 h, or SeV for 12 h. (G and H)
Western blot analysis of UAF1 (G) or USP1 (H) expression in mouse peritoneal macrophages transfected with the indicated siRNA for 36 h. (I and J) ELISA analysis of
IFN-B in the supernatants of peritoneal macrophages, as in G and H, stimulated with LPS. (K and L) Mouse peritoneal macrophages were transfected with control
SiIRNA, UAF1 siRNA 3, or USP1 siRNA 1 and then stimulated with LPS for 6 h or poly(I:C) for 6 h or infected with SeV/ for 18 h. ELISA analysis of IFN-B, TNF-a, and IL-6
in the supernatants. (M) Mouse peritoneal macrophages were transfected with control sSIRNA, UAF1 siRNA 3, or USP1 siRNA 1 and then transfected with ISD for 8 h.
ELISA analysis of IFN-p in the supernatants. (N) Western blot analysis of USP12 or USP46 expression in mouse peritoneal macrophages transfected with the indicated
SiRNA for 36 h. (0) Mouse peritoneal macrophages were transfected with control siRNA, USP12 siRNA 2, or USP46 siRNA 1 and then infected with SeV/ for 18 h. ELISA
analysis of IFN-p in the supernatants. Data are representative of three experiments (mean + SD of three samples in C, D, I-M, and O; mean + SD of six samples in E and
F;* P <0.05;*, P <007; by Student's t test). Similar results were obtained in three independent experiments in panels A, B, G, H, and N. Ctrl, control.

JEM Vol. 214, No. 12 3555



A _Octrl B acCtrl

(<] I 7 [}
8 160 |7USP1 e
c 5 9 -
2120 | 2
3 3 61
3 80 - 5 |
E 40 - g
T 0 : : Lol
& & 0S
Q X N ) N o
< '\q. «0‘5 © @ «Q. @
c DMSO ML323 D DMSO ML323
SeV(h) 0 8 12 0 8 12 ISD(h) 0 8 12 0 8 12
NE BT T " 55D B g 50
p-IRF3 Bl . ~ . p-IRF3 S oo
— - ~100kD “—100kD
p-STAT1 _ = o P-STAT1 -_— == .
Actin —— e e = e e ACtin ——— e > e —
«—40kD «—40kD
E
Ctrl siRNA UAF1 siRNA CtrI siRNA usp1 siRNA
LPS(min) 0 30 0 30 60 0
‘ «—55kD
pRF3 llr -QII- Qg
Actin --— WD e e T W e
F
poly(:C) _ ctrl siRNA UAF1 siRNA Ctrl siRNA USP1 siRNA
(min) 0 30 60 0 30 60 0 30 60 0 30 60
p-IRF3 i - - =SSk8
Actin ums eI S w o b evesey |
G Ctrl siRNA UAF1 5|RNA Ctrl siRNA usp1 siRNA
SeV(h) 0
- “l i 6 i
+~100kD
p-STAT1 5 s e P
LCLNT S ppe———
H Ctrl siRNA UAF1 siRNA Ctrl siRNA USP1 siRNA
ISD(h) 0 8 12 0 8 12 0 8 12 0 8 12
p-IRF3 -k B . o — _—
+~100kD
p-STAT1 b — _— =
«~70kD
Actin e eev v s> epses G ePTEPead s> o -

Figure 2. USP1-UAF1 complex enhances IRF3 activation. (A and B) HEK293T cells were transfected with the indicated adaptors along with IRF3 or
NF-xB reporter plasmid and UAF1 or USP1 plasmid, and luciferase activity was analyzed. (C and D) Western blot analysis of the indicated phosphorylated
signaling proteins in peritoneal macrophages incubated with DMSO or 30 uM ML323 and then stimulated with SeV (C) or ISD (D). (E-H) Western blot anal-
ysis of the indicated phosphorylated signaling proteins in peritoneal macrophages transfected with control siRNA, UAF1 siRNA, or USP1 siRNA and then
stimulated with LPS (E), poly(I:C) (F), SeV (G), or ISD (H). Data are representative of three experiments (mean + SD of six samples in A and B; **, P < 0.01; by
Student's t test.). Similar results were obtained in three independent experiments in C-H. Ctrl, control.

type I IFN, whereas the IRF3 5D mutant, in which residues 2012). Thus, we used IRF3 5D in our experiments. IRF3
at positions 396, 398, 402, 404, and 405 were replaced by the 5D—-induced IFN-P promoter activation remains unchanged
phosphomimetic aspartate amino acid, induces strong acti- by UAF1 and USP1 overexpression (Fig. 3 A). These data in-
vation of the IFN-f§ promoter (Lin et al., 1999; Zhang et al.,  dicate that USP1-UAF1 complex targets molecules upstream
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of IRF3 to inhibit IFN-f production. In addition, UAF1 and
USP1 both greatly enhanced TBK1-induced IRF3, ISRE,
and NF-kB activation (Fig. 3 B).Therefore, we speculate that
TBK1 may be a target of USP1-UAF1 complex.

Although USP1 expression was slightly enhanced upon
LPS stimulation (Fig. 3 C), USP1 immediately translocated
from the nucleus to cytoplasm after LPS stimulation in mac-
rophages (Fig. 3 D), providing the possibility of its interac-
tion with cytoplasmic adaptors. To further clarify the target
of USP1-UAF1 complex, we examined the association be-
tween USP1-UAF1 and several adaptors. Myc-tagged TBK1,
TRAF3, RIP1, and IRF3 plasmids and Flag-tagged USP1
or UAF1 plasmids were cotransfected into HEK293T cells.
UAF1 and USP1 were both coprecipitated with TBK1 and
RIP1 (Fig. 3, E-G). However, UAF1 and USP1 were not
coprecipitated with IRF3 (Fig. 3, E and F). Next, the endog-
enous interaction was examined in macrophages stimulated
with LPS. UAF1 and USP1 interacted with TBK1 following
LPS stimulation (Fig. 3, H and I). However, no interaction
was observed between USP1/UAF1 and IRF3 (Fig. 3, H and
I). In addition, USP12 and USP46 were not associated with
TBK1 (Fig. 3 J). Collectively, these results indicate that UAF1
and USP1 specifically bind to TBK1.

USP1-UAF1 removes K48-linked ubiquitination of TBK1

and promotes its stabilization

USP1-UAF1 complex possesses potent deubiquitinase activ-
ity (Cohn et al., 2007; Williams et al., 2011). We thus investi-
gated the effects of USP1 and UAF1 on TBK1 ubiquitination.
USP1 greatly inhibited TBK1 ubiquitination, whereas USP12
and USP46 had no effects on TBK1 ubiquitination (Fig. S1).
Furthermore, USP1 and UAF1 both markedly inhibited total
and K48-linked ubiquitination of TBK1 (Fig. 4, A and B).
However, USP1 C90S mutant (a deubiquitinating enzyme
activity—disrupted mutant, in which a Cys to Ser point mu-
tation was introduced) has no effects on TBK1 ubiquitina-
tion (Fig. 4, A and B). In addition, USP1 could not remove
K63-linked ubiquitination of TBK1 (Fig. 4 C). As parallel
controls, USP1 and UAF1 had no effects on ubiquitination
of IKK-e and TRAF3 (Fig. S2, A and B). Under physiolog-
ical conditions, the endogenous TBK1 was observed to be
robustly ubiquitinated on SeV infection in macrophages
(Fig. 4 D). ML323 treatment markedly increased endoge-
nous TBK1 ubiquitination (Fig. 4 D). Collectively, these data
indicate that the USP1-UAF1 complex selectively removes
K48-linked ubiquitination of TBK1.

K48-linked protein ubiquitination leads to the degrada-
tion of the corresponding protein by 26S proteasome (Jiang
and Chen, 2011). We then investigated the effects of UAF1
and USP1 on TBK1 expression. UAF1 and USP1 overex-
pression both greatly enhanced TBK1 protein expression in
a dose-dependent manner in HEK293T cells, with no effects
on IRF3 expression (Fig. 4 E). In addition, UAF1 and USP1
overexpression both enhanced RIP1 protein expression (Fig.
S3), indicating that RIP1 may be another target of USP1/
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UAF1, and that needs to be further investigated. Interestingly,
although the association between USP1 and TRAF3 was de-
tected (Fig. 3 F), USP1 and UAF1 overexpression had no
effects on TRAF3 protein expression (Fig. S3). Furthermore,
ML323 treatment dramatically decreased TBK1 expression
and subsequent STAT1 phosphorylation in LPS-stimulated
macrophages (Fig. 4 F). Consistently, UAF1 and USP1
knockdown also significantly decreased TBK1 protein level
in both SeV- and LPS-stimulated macrophages (Fig. 4, G and
H). To further investigate whether USP1-UAF1 complex
could inhibit TBK1 protein degradation, a cycloheximide
(CHX) chase experiment was performed. ML323 treatment
greatly promoted TBK1 protein degradation (Fig. 4,1 and ).
All together, these data indicate that USP1-UAF1 deubiquiti-
nase complex targets TBK1, stabilizes its expression, and thus
facilitates TLR 3/4- and RIG-I-induced IFN-f expression.

ML323 promotes viral replication in vitro and in vivo
Type I IFNs are essential for the host to eliminate invading
viruses (Liu et al., 2011; Wang and Fish, 2012; Hoffmann et
al., 2015). We then investigated the effects of USP1-UAF1
complex on viral replication using a vesicular stomatitis virus
(VSV, another kind of ssRINA virus recognized by RIG-I)
infection model. UAF1 and USP1 expression was also under
dynamic changes during VSV infection in macrophages. As
shown in Fig. 5 A, UAF1 and USP1 expression was mark-
edly increased at the early stage, reached a peak at 12 h, and
then decreased to a normal level at 24 h after VSV infection.
Next, we investigated the effects of USP1-UAF1 deubiqg-
uitinase complex on VSV replication using ML323. ML323
treatment significantly attenuated TBK1 protein expression in
VSV-infected macrophages (Fig. 5 B). Accordingly, ML323
treatment inhibited subsequent IFN-f and ISG15 expression
and enhanced VSV replication in macrophages (Fig. 5, C-F),
indicating that ML323 could promote VSV replication in vitro.
We next examined the potential functions of USP1-
UAF1 complex in vivo using ML323. Mice were pretreated
with ML323 before i.p. injection of LPS. ML323 treatment
reduced serum level of IFN-f but did not considerably de-
crease the amount of TNF-a (Fig. 5, G and H), indicating
that ML323 is active in vivo. We then investigated the reg-
ulatory effects of ML323 on IFN-f expression and viral
replication in the context of VSV infection in vivo. ML323
treatment inhibited VSV-induced IFN-f production in peri-
toneal lavage (Fig. 5 I) and suppressed TBK1 protein expres-
sion in peritoneal exudate cells (Fig. 5 J). Furthermore, VSV
infection induced IFN-f secretion was much less in sera of
ML323-treated mice than in that of control mice (Fig. 5 K).
Accordingly, IFN-f mRINA expression in the liver, lung, and
spleen of ML323-treated mice was lower than that in controls
(Fig. 5 L). In accordance with reduced IFN-f expression,VSV
replication in the liver, lung, and spleen of ML323-treated
mice was higher than that in controls (Fig. 5 M). Severe
infiltration of immune cells was observed in the lungs of
ML323-treated mice, compared with that of control mice
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Figure 3.

UAF1 and USP1 interact with TBK1. (A) HEK293T cells were transfected with RIG-I, MDA5, MAVS, TRIF, TBK1, and IRF3 5D along with UAF1 or

USP1 plasmid and IFN-p reporter plasmid, and luciferase activity was analyzed. (B) HEK293T cells were transfected with TBK1 along with UAF1 or USP1 plas-
mid, and IRF3, ISRE, or NF-kB reporter plasmid, and luciferase activity was analyzed. (C) Western blot analysis of UAF1 and USP1 expression in mouse peri-
toneal macrophages stimulated with LPS for the indicated time periods. (D) Western blot analysis of USP1 expression in nuclear or cytoplasmic fractions of
mouse peritoneal macrophages stimulated with LPS for the indicated time periods. (E) Lysates from HEK293T cells transiently cotransfected with Flag-USP1
and Myc-TBK1, Myc-IRF3, Myc-TRAF3, or Myc-RIP1 expression plasmids were subjected to immunoprecipitation with anti-Flag antibody followed by West-
ern blot analysis with anti-Myc antibody. (F) Lysates from HEK293T cells transiently cotransfected with Flag-UAF1 and Myc-IRF3, Myc-TBK1, Myc-RIP1, or
Myc-TRAF3 expression plasmids were subjected to immunoprecipitation with anti-Flag antibody followed by Western blot analysis with anti-Myc antibody.
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after VSV infection (Fig. 5 N). Collectively, these data indi-
cate that ML323 attenuates VSV-induced IFN-f expression
and thus promotes VSV replication, both in vitro and in vivo.

Optimal productions of type I IFNs are crucial for
maintaining immune homeostasis and elimination of invad-
ing viruses (Liu et al., 2011; Gonzilez-Navajas et al., 2012;
Wang and Fish, 2012; Hoffmann et al., 2015). Here, we iden-
tified USP1-UAF1 deubiquitinase complex as a viral infec-
tion—induced physiological enhancer of TBK1 activation and
subsequent IFN-f expression. Given the vital role of TBK1 in
innate antiviral immunity, the identification of a novel TBK1
physiological enhancer will be valuable for understand-
ing the crosstalk between virus and host immune systems.
In addition, as growing evidence implicates aberrant TBK1
activity in a variety of diseases (such as cancer, theumatoid
arthritis, and neurodegenerative syndromes; Shen and Hahn,
2011; Hammaker et al., 2012; Freischmidt et al., 2015), our
results provide promising strategies for modulating TBK1
activation and may have therapeutic potential for the inter-
vention of these diseases.

ML323 is a highly potent and specific inhibitor of the
USP1-UAF1 deubiquitinase complex with excellent selec-
tivity against deubiquitinases, deSUMOylase, deneddylase,
and unrelated proteases (Liang et al., 2014). It has been re-
ported that ML323 potentiates cisplatin cytotoxicity in non—
small-cell lung cancer and osteosarcoma cells by inhibiting
the deubiquitination of PCNA and FANCD2 (Liang et al.,
2014). In the present study, we identified TBK1 as a novel
substrate of USP1-UAF1 deubiquitinase complex. TBK1 is
a pivotal kinase in innate antiviral immunity. Its expression
and activity are crucial for IFN-f expression and initiation
of antiviral immune responses (Zhao, 2013). ML323, as a
selective inhibitor of USP1-UAF1, suppressed the deubiq-
uitination of TBK1 and thus inhibited TBK1 protein deg-
radation. Accordingly, ML323 attenuated IFN-f expression
and enhanced viral replication both in vitro and in vivo. In
addition, uncontrolled TBK1 activation and IFN-f produc-
tion are associated with the development of multiple diseases,
such as autoimmune diseases (Banchereau and Pascual, 20006;
Gonzalez-Navajas et al., 2012; Hammaker et al., 2012). Thus,
our results indicate that ML323 may be a promising candidate
for the intervention of these diseases, such as rheumatoid ar-
thritis and systemic lupus erythematosus.

MATERIALS AND METHODS

Mice and cells

C57BL/6 mice were obtained from Vital River Laboratory
Animal Technology Co. All animal experiments were under-

taken in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals, with the
approval of the Scientific Investigation Board of School of
Basic Medical Science, Shandong University. Mouse mac-
rophage cell line RAW264.7, human THP-1, and human
embryonic kidney (HEK293T) cells were obtained from
American Type Culture Collection. Mouse primary perito-
neal macrophages were prepared as described (Huai et al.,
2016). The cells were cultured at 37°C under 5% CO, in
DMEM supplemented with 10% FCS (Invitrogen-Gibco),
100 U/ml penicillin, and 100 pg/ml streptomycin.

Reagents

ML323 was from Selleck Chemicals. CHX was purchased
from Apexbio Company. LPS (Escherichia coli, 055:B5) and
poly(I:C) were from Sigma-Aldrich. ISD was purchased from
Invivogen. IFN-f was from Sino Biological Inc. The concen-
trations of agonists or stimuli were used as follows: 100 ng/ml
LPS, 10 pg/ml poly(I:C), 10 pg/ml ISD, and 20 ng/ml IFN-p.
Anti-USP1 (8033), anti-TBK1 (3054), anti-IRF3 (4302), an-
ti—p-IRF3(Ser396; 4947), and anti—p-STAT1 (9167) were
from Cell Signaling Technology. Anti-UAF1 (ab122473) and
anti-V5 (ab9116) were from Abcam. Anti-Flag (F1804), anti-
HA (H3663), anti-Myc (M4439), and anti-VSV-G (V4888)
were from Sigma. Anti-USP12 (12608—-1-AP) and anti-
USP46 (13502—1-AP) were from Proteintech. Anti—-Lamin
A/B (BS1446) was from Bioworld Technology. Anti—f-actin
(sc-81178) and protein G agarose (sc-2002) used for immu-
noprecipitation and horseradish peroxidase—conjugated sec-
ondary antibodies were from Santa Cruz Biotechnology. SeV
was purchased from the China Center for Type Culture Col-
lection, and the multiplicity of infection used was 1.

Plasmid constructs, sequences, and transfection

UAF1 and USP1 plasmids were constructed by PCR -based
amplification of cDNA fromTHP-1 cells and then cloned into
the pFLAG-CMV-2 eukaryotic expression vector (Sigma-
Aldrich). The USP1 C90S mutation was generated by using
the KOD-Plus-Mutagenesis kit (Toyobo). All constructs
were confirmed by DNA sequencing. USP12 plasmid was
purchased from Vigene Biosciences. USP46 plasmid was a
gift from T. Gao (University of Kentucky, Lexington, KY).
NF-kB reporter plasmid was purchased from Stratagene.
[FN-B, ISRE, and IRF3 reporter plasmids and VSV-GFP
were gifts from X. Cao (Second Military Medical Univer-
sity, Shanghai, China). The IRF3 reporter plasmids are com-
posed of two plasmids, p-55UASGLuc and p-EFGAL4/
IRF3 as described (Zhang et al., 2012). Expression plasmids

(G) Lysates from HEK293T cells transiently cotransfected with Myc-TBK1 and Flag-UAF1 or Flag-USP1 expression plasmids were subjected to immunopre-
cipitation with anti-Flag antibody followed by Western blot analysis with anti-Myc antibody. (H-J) Lysates from mouse peritoneal macrophages stimulated
with LPS were subjected to immunoprecipitation with the indicated antibody or control IgG followed by Western blot analysis with the indicated antibodies.
Proteins in whole-cell lysate were used as positive control (Input). Data are representative of three experiments (mean + SD of six samples in A and B;
* P <0.01; by Student's ¢ test.). Similar results were obtained in three independent experiments in C-J.
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Figure 4. USP1-UAF1 complex promotes stabilization of TBK1. (A) Western blot analysis of lysates from HEK293T cells transfected with V5-tagged
ubiquitin (V5-Ub), HA-TBK1 and USP1 WT, USP1 C90S, or UAF1, followed by immunoprecipitation with anti-HA, probed with anti-V5. (B) Western blot anal-
ysis of lysates from HEK293T cells transfected with HA-tagged K48-linked ubiquitin (K48-Ub), Myc-TBK1 and USP1 WT, USP1 C90S, or UAF1, followed by im-
munoprecipitation with anti-Myc, probed with anti-HA. (C) Western blot analysis of lysates from HEK293T cells transfected with Myc-TBK1 and Flag-USP1,
together with HA-K48-Ub or HA-K63-Ub, followed by immunoprecipitation with anti-Myc, probed with anti-HA. (D) Western blot analysis of lysates from
mouse peritoneal macrophages treated with DMSO or 30 uM ML323 for 4 h and then infected with SeV for 8 h, followed by immunoprecipitation with an-
ti-TBK1, and probed with anti-Ub. (E) Western blot analysis of extracts from HEK293T cells transfected with increasing amounts of USP1 or UAF1 expression
plasmid. (F) Western blot analysis of extracts from mouse peritoneal macrophages treated with 30 uM ML323 for 4 h and then stimulated with LPS for the
indicated time periods. (G and H) Western blot analysis of extracts from mouse peritoneal macrophages silenced of USP1 or UAF1 and then stimulated for
various times with SeV (G) or LPS (H). (I and J) Immunoblot analysis of extracts from DMSO or 30 uM ML323 pretreated mouse peritoneal macrophages
stimulated with LPS for 4 h and then treated for various times with CHX. TBK1 and IRF3 expression levels were quantitated by measuring band intensities
by using ImageJ software. The values were normalized to actin (J). Similar results were obtained in three independent experiments.

for HA-Ub WT, HA-K48 Ub, HA-K63 Ub, RIG-I, MDA5, = CGAGACUCCAUCAUAA-3" (siRNA 1); 5'-GGAACA
MAVS, TRIETBK1, IKK-e, TRAF3, RIP1,IRF3,and IRF3 ~ AAGACUCCAUUUA-3" (siRNA 2) and 5-GCCCGA
5D were described before (Zhang et al., 2012; Huai et al., CCAAGUUAUUAAA-3" (siRNA 3) for UAF1; 5'-GGC
2016).Target sequences for transient silencing were 5'-GGU ~ AAGUUAUGAGCUUAUA-3" (siRNA 1), 5'-CGGCAA
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Figure 5. ML323 attenuates VSV-induced IFN- and promotes viral replication in vitro and in vivo. (A) Western blot analysis of UAF1 and USP1
expression in mouse peritoneal macrophages infected with VSV for the indicated time periods. Similar results were obtained in three independent exper-
iments. (B-F) Mouse peritoneal macrophages were treated with 30 uM ML323 for 4 h and then infected with VSV for 12 h. This experiment was repeated
twice with similar results. Western blot analysis of TBK1 expression (B). ELISA analyzed IFN-B production (C). IFN-p mRNA, ISG15 mRNA, and intracellular
VSV RNA replicates were measured by RT-PCR (D-F). Data are representative of three experiments (mean + SD of three samples; **, P < 0.01; by Student's
t test). (G and H) Serum levels of IFN-B and TNF-o from C57BL/6 mice pretreated with ML323 or vehicle control as measured by ELISA 2 h after i.p. LPS
injection. This experiment was repeated twice with similar results. Data shown are means + SD (n = 4; **, P < 0.01; by Student's t test). (I and J) C57BL/6
mice were i.p. injected with thioglycolate to elicit peritoneal macrophages. After 3 d, the mice were treated with ML323 or DMSO and then infected with
VSV i.p. for 12 h. This experiment was repeated twice with similar results. [FN-p expression in lavage was examined by ELISA (1). Data shown are means + SD
(n=5;", P <001; by Student's t test). TBK1 expression in peritoneal exudate cells was analyzed by Western blot (J). (K-M) C57BL/6 mice were pretreated
with ML323 or DMSO and then infected with VSV i.p. for 8 h. This experiment was repeated twice with similar results. Serum level of IFN-f was measured
by ELISA (K). IFN-B mRNA (L) and intracellular VSV RNA replicates (M) in the liver, lung, and spleen were measured by RT-PCR. Data shown are means + SD
(n=4;*P<005;* P<0.01; by Student's t test). (N) C57BL/6 mice were pretreated with ML323 or DMSO and then infected with VSV i.p. for 18 h. H&E
staining of lung tissue sections. Bars, 100 pm.
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GGUUGAAGAACAA-3" (siRNA 2), and 5'-GGAGAG
CUCUGAAAUUUCU-3" (siRNA 3) for USP1; 5'-CCU
AAUGACAGUCUCCAAA-3" (siRNA 1), 5'-CCCAAG
AAGUUCAUCACAA-3" (siRNA 2), and 5-GCUUAA
GAGGGUUCAGUAA-3" (siRNA 3) for USP12; 5'-GGG
AACACUCACUAACGAA-3" (siRNA 1), 5'-GCAUUA
CAUCACCAUCGUA-3" (siRNA 2), and 5'-GCUCAA
GCCAUUGAGGAAU-3" (siRNA 3) for USP46; “scram-
bled” control sequences were 5-UUCUCCGAACGU
GUCACGU-3'. For transient transfection of plasmids into
RAW?264.7 cells, jetPEI reagents were used (Polyplus-trans-
fection). For transient transfection of plasmids into HEK293T
cells, Lipofectamine 2000 reagents (Invitrogen) were used.
For transient silencing, duplexes of small interfering RNA
were transfected into cells with the INTERFERIn Reagent
(Polyplus-transfection) according to the standard protocol.

ELISA and RT-PCR

The concentration of IFN-f} was measured with ELISA kits
(BioLegend). The concentrations of TNF-a and IL-6 were
measured with ELISA kits (Dakewe Biotech Company
Ltd.). Total RNA was extracted with the RNAfast2000
RNA Extraction kit according to the manufacturer’s in-
structions. A LightCycler (ABI PRISM 7000) and a SYBR
RT-PCR kit (Roche) were used for quantitative real-time
RT-PCR analysis. Specific primers used for RT-PCR as-
says were 5'-ATGAGTGGTGGTTGCAGGC-3" and 5'-
TGACCTTTCAAATGCAGTAGATTCA-3" for mIFN-f,
5'-AGAAGCAGATTGCCCAGAAG-3" and 5'-TGC
GTCAGAAAGACCTCATAGA-3" for mISG15, 5'-TGT
TACCAACTGGGACGACA’3 and 5-CTGGGTCAT
CTTTTCACGGT-3" for mp-actin, 5'-ACGGCGTAC
TTCCAGATGG-3" and 5-CTCGGTTCAAGATCC
AGGT-3" for VSV. Data were normalized to P-actin ex-
pression in each sample.

Immunoprecipitation and Western blot analysis

For immunoprecipitation (IP), whole-cell extracts were col-
lected 36 h after transfection and were lysed in IP buffer
containing 1.0% (vol/vol) Nonidet P 40, 50 mM Tris-HCI,
pH 7.4,50 mM EDTA, 150 mM NaCl, and a protease in-
hibitor “cocktail” (Merck). After centrifugation for 10 min
at 14,000 g, supernatants were collected and incubated with
protein G Plus-Agrose Immunoprecipitation reagent (Santa
Cruz) together with 1 pg monoclonal anti-Flag or 1 pg an-
ti-Myc. After 6 h of incubation, beads were washed five times
with IP buffer. Immunoprecipitates were eluted by boiling
with 1% (wt/vol) SDS sample buffer. For immunoblot analy-
sis, cells were lysed with M-PER Protein Extraction Reagent
(Pierce) supplemented with a protease inhibitor mixture.
Nuclear proteins were extracted by NE-PER Protein Ex-
traction Reagent (Pierce) according to the manufacturer’s
instructions. Protein concentrations in the extracts were mea-
sured with a bicinchoninic acid assay (Pierce). For Western
blot analysis, immunoprecipitates or whole-cell lysates were
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loaded and subjected to SDS-PAGE, transferred onto nitro-
cellulose membranes, and then blotted as described previ-
ously (Huati et al., 2016).

Assay of luciferase activity

Luciferase activity was measured with the Dual-Luciferase
Reporter Assay system according to the manufacturer’s in-
structions (Promega) as described previously (Zhang et al.,
2012; Huai et al., 2016). Data were normalized for transfec-
tion efficiency by division of firefly luciferase activity with
that of renilla luciferase.

In vivo LPS challenge

C57BL/6] mice (females, 6—8 wk old) were i.p. injected
with 10 mg/kg ML323 for 6 h and then i.p. injected with
10 mg/kg LPS for 2 h. Serum levels of IFN-f and TNF-«
were measured by ELISA.

Viral pathogenesis in mice

C57BL/6] mice (females, 8 wk old) were i.p. infected with
VSV (5 x 10’ PFU/mouse). 10 mg/kg ML323 was i.p. ad-
ministered 6 h before VSV infection. Lungs from control or
virus-infected mice were dissected, fixed in 10% (vol/vol)
phosphate-buffered formalin, embedded into paraffin, sec-
tioned, stained with hematoxylin and eosin (H&E) solution,
and examined by light microscopy for histological changes.

Statistical analysis

All data are presented as means = SD of three or four ex-
periments. Statistical significance was determined with the
two-tailed Student’s ¢t test, with a p-value <0.05 considered
statistically significant.

Online supplemental material

Fig. S1 shows that USP12 and USP46 have no effects on
TBK1 ubiquitination. Fig. S2 shows that USP1 and UAF1
have no effects on the ubiquitination of IKK-¢ and TR AF3.
Fig. S3 shows that USP1 and UAF1 have no effects on the
expression of IKK-& and TRAF3.
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