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SUMMARY

The transcription factors p65 and IRF3 play key roles
in the induction of cellular antiviral responses. Phos-
phorylation of p65 and IRF3 is required for their activ-
ity and constitutes a key checkpoint. Here we report
that viral infection induced upregulation of INKIT,
an inhibitor for NF-kB and IRF3 that restricted innate
antiviral responses by blocking phosphorylation
of p65 and IRF3. INKIT overexpression inhibited
virus-induced phosphorylation of p65 and IRF3
and expression of downstream genes. In contrast,
knockdown or knockout of INKIT had the opposite
effect: Inkit’~ mice produced elevated levels of
type | interferons and proinflammatory cytokines
and were more resistant to lethal viral infection
compared to wild-type. INKIT interacted with IKKa/3
and TBK1/IKKg, impairing the recruitment and phos-
phorylation of p65 and IRF3. Viral infection induced
IKK-mediated phosphorylation of INKIT at Ser58, re-
sulting in its dissociation from the IKKs. Our findings
thus uncover INKIT as a regulator of innate antiviral
responses.

INTRODUCTION

Viral infection triggers a series of signaling cascades that induce
expression of type | interferons (IFNs) and proinflammatory cyto-
kines. Detection of invading viruses by innate immune system
depends on pattern recognition receptor (PRR)-mediated recog-
nition of viral nucleic acids (Takeuchi and Akira, 2010). To date, it
has been demonstrated that TLR3, TLR7/8, and RIG-I and MDA5
(known as RIG-I-like receptors, or RLRs) detect viral RNA,
whereas TLR9 and a number of cytosolic DNA sensors such as

86 Cell Host & Microbe 22, 86-98, July 12, 2017 © 2017 Elsevier Inc.

cyclic GMP-AMP synthase (cGAS) have been identified to
recognize viral DNA in a ligand- and/or cell-type-specific-depen-
dent manner (Pandey et al., 2014; Wu and Chen, 2014). Upon
binding of viral nucleic acids, these PRRs recruit downstream
adaptor proteins including TRIF (Yamamoto et al., 2003),
MyD88 (Wesche et al., 1997), VISA (also called MAVS, Cardif,
and IPS-1) (Kawai et al., 2005; Seth et al., 2005; Xu et al,,
2005), and MITA (also called STING) (Ishikawa and Barber,
2008; Zhong et al., 2008), which further activate kinases though
various mechanisms. For example, the canonical inhibitor of kB
kinases (IKKs) consist of two catalytic subunits, IKKa and IKKB,
and a regulatory subunit, IKKy (also known as NEMO), and IKKa.
and IKKB are phosphorylated and activated either by an up-
stream kinase (such as TAK1) or by trans-autophosphorylation
in a higher-order IKKo/B/y complex (Hayden and Ghosh, 2012;
Zhang et al., 2017). The noncanonical IKKs include TBK1 and
IKKe, and the activation of TBK1 requires multiple E3 ligase-
mediated ubiquitination and GSK3p-mediated trans-autophos-
phorylation (Lei et al., 2010; Li et al., 2011; Song et al., 2016;
Wang et al., 2009).

Nuclear factor kappa B (NF-kB) and interferon-regulated
factors (IRFs) are two families of transcription factors that are
critically involved in viral infection-induced transcription of
downstream genes and activated by the canonical and non-
canonical IKKs, respectively (Hinz and Scheidereit, 2014,
McWhirter et al., 2004). IRF3 belongs to the IRF family and is
essential for the initial expression wave of antiviral genes such
as IFNA, IFNB, CCL5, and ISG15 (Ikushima et al., 2013). Activa-
tion of IRF3 depends on phosphorylation of a series of serine res-
idues between aa 380 and aa 427 that is directly mediated by two
kinases, TBK1 and IKKe. Gene deletion studies demonstrate that
TBK1 and IKKze (to a lesser extent) function redundantly in phos-
phorylation of IRF3 in various types of cells (Hemmi et al., 2004;
Perry et al., 2004). Although it has been reported that SIKE
sequesters TBK1 and IKKe from IRF3 in uninfected cells and
thereby keeps phosphorylation and activation of IRF3 in check
(Huang et al., 2005), it remains largely unknown whether and
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how other molecules regulate IRF3 phosphorylation by TBK and
IKKe after viral infection.

The NF-kB family consists of five members, p50, p52, p65 (Rel
A), Rel B, and c-Rel, and forms 15 potential different hetero- or
homo-dimers with distinct functions, of which p65/p50 and
p52/Rel B are mostly abundant paradigmatic dimers with tran-
scriptional activity (Hayden and Ghosh, 2008). The p52 precursor
p100 (NFKB2) constitutively interacts with Rel B and is phos-
phorylated by IKKa, followed by ubiquitination and partial degra-
dation into p52 upon certain stimulation, resulting in the active
p52/Rel B dimer that migrates into nucleus for transcription.
The p65/p50 dimer is sequestered in cytoplasm by IkBa, which
is phosphorylated by the IKKa/B/y complex followed by ubiqui-
tination and degradation, thereby releasing free p65/p50 dimer
to enter nucleus (Kanarek and Ben-Neriah, 2012; Liu et al.,
2012). In addition, IKKa. and IKKB are reported to directly phos-
phorylate p65 at Ser536, which is essential for the acetylation at
Lys310 and the transcriptional activity of p65 (Sakurai et al.,
1999; Yang et al., 2003). However, it is less clear how IKK-medi-
ated phosphorylation of p65 is regulated.

We have previously reported that 12-O-tetradecanoylphorbol-
13-acetate (TPA) induces upregulation of chromosome 7 open
reading frame 41 (C7ORF41), which promotes human megakar-
yocyte differentiation (Sun et al., 2014). The homolog of human
C70RF41 in Xenopus laevis, Maturin, is involved in neurogenesis
(Martinez-De Luna et al., 2013). However, the in vivo functions
of C7ORF41 and whether it regulates cellular antiviral immune
responses are totally unknown. In this study, we generated
C70RF41-deficient mice and investigated its role in innate anti-
viral signaling. Based on the functions of C7TORF41 described
below, we designated it as inhibitor for NF-xB and IRF3 (INKIT).
We find that knockdown of INKIT in human cell lines or knockout
of INKIT in mice results in potentiated phosphorylation of p65 at
Ser536 and IRF3 at Ser396, subsequent induction of antiviral
genes, and impaired viral replication after viral infection. Consis-
tently, Inkit '~ mice produce elevated levels of antiviral cytokines
in the sera after viral infection and are more resistant to lethal viral
infection compared to the wild-type controls. INKIT is associated
with IKKe/B and TBK1/IKKe and inhibits the recruitment and
phosphorylation of p65 and IRF3, respectively. IKKa and TBK1
phosphorylate INKIT at Ser58, which results in disassociation
of INKIT from IKKe, or TBK1 and thereby allows for the subse-
quent recruitment and phosphorylation of p65 and IRF3. Our
findings thus uncover the role of INKIT as a previously uncharac-
terized regulator of innate immune responses by modulating p65
and IRF3 phosphorylation.

RESULTS

Viral Infection Induces Upregulation of INKIT in a
p65-Dependent Manner

Previously, we have demonstrated that TPA treatment induces
the expression of INKIT (C7ORF41), which is inhibited by the
IKKB inhibitor SC-514, indicating an NF-kB-dependent upregu-
lation of INKIT (Sun et al., 2014). Because NF-«kB is activated in
various signaling pathways such as virus-triggered signaling,
we examined whether the expression of INKIT was induced by
viral infection. The results suggested that the expression of INKIT
was upregulated and decreased at the early and late phase of

Sendai virus (SeV), vesicular stomatitis virus (VSV), or herpes
simplex virus 1 (HSV-1) infection in human THP-1 cells, respec-
tively (Figure 1A). Interestingly, viral infection-triggered upregula-
tion of INKIT was almost completely diminished by the treatment
of the IKKB inhibitor SC-514 or deficiency of p65 (Figures 1B and
1C). In contrast, treatment of the PI3K inhibitor BKM120 or defi-
ciency of IRF3 and IRF7 had minimal effects on virus-triggered
induction of INKIT (Figures 1B and 1D). In parallel experiments,
we found that TNFa also induced upregulation of INKIT, which
was abrogated by p65 deficiency (Figure S1A). Cell fractionation
analysis suggested that INKIT was located in the cytosol in the
presence or absence of viral infection (Figure S1B). We have
observed that overexpression of p65 strongly induces the activ-
ity of INKIT promoter, and TPA-induced INKIT promoter activity
is severely inhibited by SC-514 (Sun et al., 2014). Sequence anal-
ysis suggested that there are one or two p65 binding sites on hu-
man INKIT or mouse Inkit promoters, respectively. Results from
chromatin immunoprecipitation (ChlP) assays showed that SeV
or HSV-1 infection induced p65 binding to the INKIT or Inkit
promoters in both THP-1 cells and primary mouse embryonic fi-
broblasts (MEFs) (Figure 1E). These data together suggest that
viral infection induces upregulation of INKIT in a p65-dependent
manner.

INKIT Negatively Regulates Innate Antiviral Signaling

We next examined the role of INKIT in virus-triggered signaling
and found that overexpression of INKIT inhibited SeV-induced
activation of ISRE, NF-«xB, and IFN-B promoter in a dose-depen-
dent manner in reporter assays (Figure 2A). Overexpression of
INKIT inhibited SeV- or HSV-1-induced expression of IFNB1
and TNFA in THP-1 cells (Figure 2B). In addition, SeV-induced
phosphorylation of p65 (Ser536) and IRF3 (Ser396), but not
IkBa., IKKa/B, TBK1, or JNK, was substantially impaired by over-
expression of INKIT (Figure 2C), indicating INKIT as a negative
regulator of virus-triggered signaling. We made two short hairpin
RNA (shRNA) constructs targeting INKIT, both of which inhibited
the expression of INKIT in HelLa cells (Figure 2D). Interestingly,
knockdown of INKIT by shRNA significantly potentiated the
transcription of IFNB1, TNFA, ISG56, and ISG15 and increased
the induction of IFN-B and TNFa after SeV infection (Figures
2E and 2F). Consistent with these observations, knockdown
of INKIT substantially potentiated the phosphorylation of
p65(Ser536) and IRF3 (Ser396), but not 1kBa, IKKa/B, TBK1, or
JNK, after SeV infection (Figure 2G). We next examined the ef-
fects of INKIT on viral replication and found that overexpression
and knockdown of INKIT strongly promoted and inhibited VSV-
GFP replication as monitored by the GFP intensities, respec-
tively (Figures 2H and 2I). These data collectively suggest that
INKIT negatively regulates virus-triggered phosphorylation of
p65 and IRF3 as well as cellular antiviral responses.

INKIT Deficiency Promotes Virus-Triggered Signaling

To examine the function of INKIT in antiviral responses in vivo,
we generated INKIT-deficient mice by CRISPR/Cas9-mediated
genome editing. Sequencing of the mouse Inkit genome indi-
cated that there is a 29 bp deletion in the edited allele, which
resulted in a frameshift proximal to the start codon of INKIT
gene (Figures S2A and S2B). Results from immunoblot analysis
indicated a complete loss of INKIT expression in mouse bone
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Figure 2. INKIT Negatively Regulates Innate Antiviral Signaling
(A) Luciferase reporter assays analyzing ISRE, NF-«B, and IFN-f promoter activity (upper graphs) and immunoblot assay with anti-FLAG (lower panels) of HEK293
cells transfected with empty vector or plasmids encoding FLAG-INKIT (0.025-0.2 ng) for 20 hr followed by infection with SeV for 8 hr.

(B) gRT-PCR analysis (left graphs) of IFNB and TNFA mRNA and immunoblot analysis (with anti-INKIT, anti-FLAG, or anti-HSC70) (right panels) of THP-1 cells
stably transfected with empty vector or plasmid encoding INKIT followed by infection with SeV or HSV-1 for 8 hr.

(legend continued on next page)
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marrow cells (Figure S2C). The Inkit '~ mice were born at the
Mendelian ratio and did not display any developmental abnor-
mality, suggesting that INKIT is dispensable for the growth
and development of mice. The number and composition of cells
of the immune response in various organs (including thymus,
spleen, and peripheral lymph nodes) were similar in 2- to
3-month-old Inkit '~ mice and their wild-type littermates (Figures
S2D-S2F), indicating that INKIT is not required for the develop-
ment of various types of cells of the immune response.

We next examined the effects of INKIT deficiency on virus-trig-
gered expression of downstream genes. Results of gRT-PCR
analysis showed that the expression of Ifnb, Ifna4, Ifnan, 116, and
Tnf was significantly increased in Inkit '~ bone marrow-derived
dendritic cells (BMDCs), bone marrow-derived macrophages
(BMDMs), or MEFs compared to the wild-type counterparts after
SeV, VSV, or HSV-1 infection, or transfection of poly(l:C) or various
DNA ligands (Figures 3A, S3A, and S3B). The production of IFN-,
IL-6, or TNFa by Inkit '~ BMDCs, BMDMs, or MEFs was signifi-
cantly higher than that by the wild-type counterparts after SeV,
VSV, or HSV-1 infection or transfection of poly(l:C) or DNA ligands
(Figures 3B and S3C). Consistent with the results from gene in-
duction and ELISA assays, the phosphorylation of p65 (Ser536)
and IRF3 (Ser396), but not IkBa, IKKa/B, TBK1, or ERK, substan-
tially increased in Inkit "~ BMDCs compared to wild-type BMDCs
after SeV, HSV-1, or VSV infection (Figures 3C and S3D). Collec-
tively, these results suggest that INKIT negatively regulates virus-
triggered induction of downstream genes by inhibiting phosphor-
ylation of p65 and IRF3.

We next analyzed the effects of INKIT deficiency on viral repli-
cation. Results of qRT-PCR and plaque assays suggested that
the expression of HSV-1 UL30 gene and the replication of
HSV-1 were significantly inhibited in Inkit '~ MEFs compared to
the wild-type MEFs (Figure 3D). In addition, the replication of
HSV-1-GFP or VSV-GFP was more severely compromised in
Inkit~'~ MEFs than in Inkit""* MEFs as monitored by the GFP per-
centages and intensities (Figures 3E and S3E). Taken together,
these data suggest that INKIT restricts viral infection-induced
activation of p65 and IRF3 and thereby promotes viral replication.

INKIT-Deficient Mice Exhibit Resitance to Lethal VSV or
HSV-1 Infection
To examine the physiological role of INKIT in host defense

type littermates by intravenous injection of HSV-1 and monitored
the survival of mice. All the wild-type mice exhibited severe leth-
argy and ataxia at day 5 after infection and died quickly after the
appearance of the symptoms. In contrast, one out of five Inkit '~
mice displayed such symptoms and died on day 7 after infection
(Figure 4A). Consistently, the levels of IFN-B, IL-6, and CXCL1 in
the sera and the expression of Ifnb, Ifna4, II6, Cxcl1, and Ccl5
in the lungs were significantly increased in the Inkit~'~ mice
compared to those in Inkit"* littermates 12 or 24 hr after
HSV-1 infection, respectively (Figures 4B and 4C). To evaluate
the importance of INKIT for viral replication in vivo, we intrana-
sally injected HSV-1 into the Inkit~~ mice and wild-type litter-
mates and 4 days later the expression of antiviral genes and
HSV-1 titers in the brains were analyzed. The results showed
that the mRNA levels of Ifnb, Ifna4, and Ccl5 were significantly
higher in the brains of Inkit~'~ mice than in the brains of Inkit"*
littermates, whereas the mRNA levels of HSV-1 UL30 gene and
the HSV-1 viral titers were significantly decreased in the brains
of Inkit~'~ mice compared to the brains of Inkit** littermates
(Figures 4D and 4E), indicating that INKIT restricts antiviral
responses against HSV-1 in vivo.

We next infected the Inkit '~ mice and wild-type littermates by
intravenous injection of VSV and monitored their survival. As
shown in Figure 4F, the wild-type mice began to die on day 9
and all of them died on day 11 after infection. In contrast, Inkit~"~
mice began to die on day 10 and 60% (3 out of 5) of Inkit '~ mice
finally survived from weak ataxia and paralysis. Consistent with
these observations, the protein levels of IFN-B, IL-6, and TNFa
in the sera of Inkit~~ mice and the mRNA levels of Ifnb, Ifna4,
116, Tnf, and Cxcl1 in the lungs of Inkit '~ mice were significantly
higher than in those of Inkit*/* mice at 12 or 24 hr after VSV infec-
tion, respectively (Figures 4G and 4H). In addition, the replication
of VSV in the lungs of Inkit "~ mice was severely compromised
compared to the Inkit”* littermates (Figure 4l). These data
collectively suggest that INKIT negatively regulates innate im-
mune responses against viruses by inhibiting the production of
type | IFNs and proinflammatory cytokines.

INKIT Interacts with IKKs and TBK1 and Functions at
IRF3 and p65 Level

To understand the mechanisms by which INKIT regulates innate
antiviral signaling, we examined the level of INKIT involved in the

against viral infection, we infected the Inkit’~ mice and wild-  molecular order of PRR-triggered signaling by luciferase reporter

(C) Immunoblot analysis of phosphorylated and total p65, IRF3, IkBa, IKKa/B, TBK1 or JNK, total INKIT, and p-actin of THP-1 cells stably transfected with empty
vector or plasmid encoding FLAG-INKIT followed by infection with SeV for 0-24 hr.

(D) gRT-PCR analysis (upper graph) of INKIT mRNA and immunoblot analysis (with anti-INKIT and anti-HSC70) (lower panels) of HeLa cells stably transfected with
an empty shRNA vector (shControl), or shRNA targeting INKIT (shINKIT#1 or shINKIT#2).

(E) gRT-PCR analysis of IFNB, TNFA, ISG65, and ISG15 mRNA of HeLa cells stably transfected with shControl, shINKIT#1, or shINKIT#2 followed by infection with
SeV for 8 hr.

(F) ELISA analysis of IFN-B and TNFa in the supernatants of HelLa cells stably transfected with plasmids encoding shControl or shINKIT#2 followed by infection
with SeV for 24 hr.

(G) Immunoblot analysis of phosphorylated and total p65, IRF3, IkBa, IKKa/B, TBK1 or JNK, total INKIT, and B-actin of HelLa cells stably transfected with
shControl, shINKIT#1, or shINKIT#2 followed by infection with SeV for 0-12 hr.

(H) Fluorescent microscopy imaging (upper) and immunoblot analysis (with anti-GFP, anti-FLAG, and anti-HSC70) (lower panels) of THP-1 cells stably transfected
with empty vector or plasmids encoding FLAG-INKIT for 24 hr followed by infection with VSV-GFP for 24 hr.

(I) Fluorescent microscopy imaging (upper) and immunoblot analysis (with anti-GFP, anti-INKIT, and anti-HSC70) (lower panels) of HeLa cells stably transfected
with shControl, shINKIT#1, or shINKIT#2 followed by infection with VSV-GFP for 24 hr.

*p < 0.05; “*p < 0.01; ***p < 0.001 (two-way ANOVA followed by Bonferroni post-test). Data are representative of three independent experiments (mean + SDin A,
B, and D-F, n = 3).
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Figure 3. INKIT Deficiency Promotes Virus-Triggered Signaling

(A) qRT-PCR analysis of Ifnb, Ifna4, Ifnan, 16, and Tnf mRNA in Inkit*’* and Inkit '~ BMDCs (upper graphs) or MEFs (lower graphs) infected with SeV, VSV, or
HSV-1 for 0-8 hr.

(B) ELISA analysis of IFN-B, IL-6, and TNFa. in the supernatants of Inkit** and Inkit~’~ BMDCs (upper graphs) or MEFs (lower graphs) infected with SeV, VSV, or
HSV-1 for 24 hr or mock transfected (Lipo) or transfected with HSV60, DNA9O, or poly IC for 12 hr.

(C) Immunoblot analysis of phosphorylated and total p65, IRF3, TBK1, IkBa or ERK, total INKIT, and B-actin in Inkit** and Inkit '~ BMDCs infected with SeV (left)
or HSV-1 (right) for 0-12 hr.

(D) Inkit*"* and Inkit '~ MEFs (5 x 10°) left uninfected or infected with HSV-1 (MOI = 0.1) for 1 hr, after which they were washed twice in PBS and cultured in full
medium for 24 hr. Cells and the supernatants were harvested for qRT-PCR analysis of HSV-1 UL30 mRNA (left) or plaque assays (right), respectively.

(legend continued on next page)
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Figure 4. INKIT-Deficient Mice Are More Resistant to Lethal VSV or HSV-1 Infection
(A) Survival (Kaplan-Meier curve) of Inkit™* (n = 6) and Inkit "~ mice (n = 5) intravenously injected with HSV-1 (2.5 x 10° PFU [plague-forming unit] per mouse)

monitored for 12 days.

(B and C) ELISA analysis of IFN-B, IL-6, and CXCL1 in the sera (B) or qRT-PCR analysis of Ifnb, Ifna4, II6, Cxcl1, Ccl5, or HSV-1 UL30 mRNA in the lungs (C) of
Inkit*"* and Inkit "~ mice (n = 4) intravenously injected with HSV-1 (1 x 10® PFU/mouse) for 12 or 24 hr.
(D and E) qRT-PCR analysis of Ifnb, Ifna4, Ccl5, or HSV-1 UL30 mRNA in the brains (D) and plaque assays of the brain homogenizes (E) from Inkit*’* and Inkit ”~

mice intranasally injected with HSV-1 (2.5 x 10°) for 4 days.

(F) Survival (Kaplan-Meier curve) of Inkit** (n = 4) and Inkit ’~ mice (n = 5) intravenously injected with VSV (2 x 10”7 PFU per mouse) monitored for 18 days.
(G and H) ELISA analysis of IFN-B, IL-6, and TNFa. in the sera (G) and gRT-PCR analysis of Ifnb, Ifna4, Il6, Tnf, or CxclT mRNA in the lungs (H) from Inkit"* and
Inkit '~ mice (n = 3) intravenously injected with VSV (1 x 107 PFU per mouse) for 12 or 24 hr.

(I) Plaque assays of the lungs from Inkit*’* and Inkit ™~ mice (n = 4) intravenously injected with VSV (1 x 107 PFU per mouse) for 4 days.

*p < 0.05; *p < 0.01; ***p < 0.001 (unpaired Student’s t test). Data are representative of three independent experiments (mean + SD in B-E and G-l).

assays. The results showed that overexpression of INKIT in-
hibited activation of NF-kB mediated by p65 and its upstream
molecules (including RIG-I, VISA, TRAF6, IKKa, and IKKp), as
well as activation of ISRE mediated by IRF3 and its upstream
molecules (including RIG-I, MITA, VISA, TBK1, and IKKg) (Fig-
ure 5A), whereas knockdown of INKIT had opposite effects
(Figure 5B). Interestingly, IRF3-5D (a constitutively active form
of IRF3)-mediated activation of ISRE was not affected by either
overexpression or knockdown of INKIT. Results from transient
transfection and co-immunoprecipitation assays suggested
that INKIT interacted with IKKe, IKKB, TBK1, and IKKe, but not
with IKKy, VISA, or MITA (Figure S4). Endogenous immunopre-
cipitation analysis suggested that INKIT constitutively interacted
with IKKa/f and SeV infection or transfection of poly(l:C) led to
INKIT dissociation from IKKa/f at later time points (Figure 5C).
In contrast, INKIT interacted with TBK1 or IKKe at the early
time point after SeV infection and the associations were impaired
at the late time point after SeV infection or transfection of

poly(I:C) (Figure 5C). Domain mapping analysis suggests
that the N-terminal kinase domain of IKKa, TBK1, or IKKe was
responsible for their association with INKIT (Figure 5D). These
data together suggest that INKIT interacts with the canonical
and noncanonical IKKs and functions at the level of p65
and IRF3.

INKIT Impairs the Recruitment of p65 and IRF3 to the
IKKs and TBK1

Because INKIT interacts with the canonical and noncanonical
IKKs and functions at the level of p65 and IRF3, we reasoned
that INKIT might interfere with the interaction between p65 and
IKKa/B or the interaction between IRF3 and TBK1/IKKe. Results
from transient transfection and co-immunoprecipitation assays
suggested that the interactions between TBK1 or IKKe and
IRF3 and between IKKa or IKKB and p65 were substantially
impaired by INKIT (Figures 6A and 6B). In contrast, the interac-
tions between IKKB and IKKa or IkBa. and the TBK1-TBK1 or

(E) Flow cytometry analysis (upper), fluorescent microscopy imaging (middle), and immunoblot analysis with anti-GFP and anti-B-actin (bottom) of Inkit** and

Inkit~"~ MEFs infected with or without HSV-1-GFP for 24 hr.

*p < 0.05; “*p < 0.01; ***p < 0.001 (two-way ANOVA followed by Bonferroni post-test). Data are representative of three independent experiments (mean + SDin A,

B, and D, n = 3). See also Figures S2 and S3.
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Figure 5. INKIT Functions at IRF3 and p65 Level

(A) Luciferase reporter assays analyzing NF-«kB and ISRE activity of HEK293 cells transfected with empty vector or plasmids encoding RIG-I, VISA, TRAF6, IKKa.,
IKKB, p65, MITA, TBK1, IKKe, IRF3, or IRF3-5D together with an empty vector or INKIT for 24 hr.

(B) Luciferase reporter assays analyzing NF-kB and ISRE activity of HEK293 cells transfected with empty vector or plasmids encoding RIG-1, VISA, TRAF6, IKKa.,
IKKB, p65, MITA, TBK1, IKKe, IRF3, and IRF3-5D together with plasmids shControl or shINKIT#2 for 24 hr.

(C) Immunoprecipitation analysis (with anti-INKIT) and immunoblot analysis (with anti-TBK1, anti-IKKa/B, anti-INKIT, or anti-B-actin) of MEFs infected with SeV
(left graph) or transfected with poly(l:C) (4 ng) (right graph) for 0-8 or 0-6 hr, respectively.

(D) Immunoprecipitation analysis (with anti-FLAG) and immunoblot analysis (with anti-FLAG or anti-HA) of HEK293 cells transfected with plasmids encoding
HA-INKIT and FLAG-tagged TBK1, FLAG-IKKe, IKKa., or their truncations for 24 hr.

KD, kinase domain; ULD, ubiquitin-like domain; CC, coiled-coil domain; NBD, NEMO-binding domain. Data are representative of three (A and B) or two (C and D)
independent experiments (mean + SD in A and B, n = 3). See also Figure S4.

TBK1-adaptor protein (VISA, MITA, or TRIF) associations were type BMDCs (Figure 6C). Collectively, these data suggest that
not affected by INKIT (Figure S5). In addition, we found that INKIT inhibits the recruitment of p65 and IRF3 to and thereby im-
SeV-induced IKKa/B-p65 or TBK1/IKKe-IRF3 associations were  pairs the phosphorylation and activation of p65 and IRF3 by the
more substantially potentiated in Inkit’~ BMDCs than in wild-  canonical and noncanonical IKKs, respectively.
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Figure 6. INKIT Impairs the Recruitment of
p65 and IRF3 to the IKKs and TBK1

(A and B) Immunoprecipitation analysis (with anti-
FLAG or IgG as a control) and immunoblot analysis
(with anti-HA, anti-Myc, or anti-FLAG) of HEK293
cells transfected with plasmids encoding HA-IRF3
and Myc-INKIT or empty vector together with
FLAG-TBK1 or FLAG-IKKe (A) or transfected with
plasmids encoding HA-p65 and Myc-INKIT or
vector together with FLAG-IKKa. or FLAG-IKK (B)
for 24 hr.

(C) Immunoprecipitation analysis (with anti-IRF3
or anti-p65) and immunoblot analysis (with anti-
INKIT, anti-B-actin and anti-IKKa/B, anti-p65 or
anti-IKKe, anti-TBK1, anti-IRF3, or anti-p-actin) of
MEFs infected with SeV for 0-8 hr.

Data are representative of three independent ex-
periments. See also Figure S5.

SeV-induced phosphorylation of p65 and
IRF3 nor potentiated VSV-GFP replication

B
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Ser58 of INKIT Is Critical for Suppression of p65 and
IRF3 Activation

Because INKIT interacted with the canonical and noncanonical
IKKs, which are serine/threonine kinases, we hypothesized that
INKIT might be phosphorylated on the serine or threonine resi-
dues upon viral infection. Immunoblot analysis indicated that
INKIT was phosphorylated on serine residues at the early phase
of SeV infection, which was diminished at the late phase of
SeV infection (Figure S6A). Overexpression of IKKa and TBK1
strongly induced serine phosphorylation of INKIT in the presence
or absence of SeV infection (Figure S6B). Treatment of the IKKa/
B inhibitor (IMD0354) or the TBK1/IKKe inhibitor (ZM449829), but
not the p38 MAPK inhibitor, substantially impaired SeV-induced
serine phosphorylation of INKIT (Figure S6C). In addition,
SeV-induced serine phosphorylation of INKIT was substantially
impaired in Tbk1~~ MEFs transfected with silKKe and treated
with IKKe/B inhibitors (Figure S6D), indicating that the canonical
and noncanonical IKKs mediate phosphorylation of INKIT on the
serine residues after viral infection.

We next made a series of INKIT mutants in which the
conserved serine residues were individually mutated into either
alanine (A) or aspartic acid (D) residues and examined their ability
to suppress SeV-triggered activation of IFN-B promoter. Inter-
estingly, mutation of Ser58 of INKIT into Asp failed to inhibit
SeV-induced activation of IFN-B promoter and potentiated
IKKa-mediated phosphorylation of INKIT in vitro, whereas muta-
tion of Ser58 of INKIT into Ala inhibited SeV-induced activation
of IFN-B promoter and severely impaired SeV- or transfected
poly(l:C)-induced or IKKa-mediated phosphorylation of INKIT
(Figures 7A, 7B, S6E, and S6F). INKIT(S58D) neither inhibited
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as did wild-type INKIT (Figures S7A and
S7B), indicating that phosphorylation
of Ser58 of INKIT leads to loss of the
ability to inhibit virus-triggered signaling.
Consistent with this notion, INKIT(S58D)
(which  mimics phosphorylation on
Ser58) substantially lost its ability to
interact with IKKa/p or TBK1/IKKe or inter-
fere with IKKa/B-p65 or TBK1/IKKe-IRF3 associations, whereas
INKIT(S58A) still interacted with IKKo/B or TBK1/IKKe to interfere
with IKKa/B-p65 or TBK1/IKKe-IRF3 associations (Figures 7C,
S7C, and S7D), indicating an essential role of Ser58 of INKIT in
suppressing innate antiviral signaling.

To further substantiate this conclusion, we reconstituted
empty vector, wild-type INKIT, INKIT(S58D), or INKIT(S58A)
into Inkit~’~ MEFs and examined virus-triggered induction of
downstream genes. As expected, reconstitution of wild-type
INKT or INKIT(S58A), but not INKIT(S58D), inhibited SeV-, VSV-,
or HSV-1-induced expression of Ifnb, Ifna4, Tnf, or II6 (Figure 7D).
Consistently, the phosphorylation of p65 (Ser536) and IRF3
(Ser396) was suppressed in Inkit”’~ MEFs reconstituted with
wild-type INKIT or INKIT(S58A), but not with INKIT(S58D), after
SeV, VSV, or HSV-1 infection (Figures 7E and S7E). In addi-
tion, VSV-GFP replication was restricted in Inkit’~ MEFs
reconstituted with INKIT(S58D), but not with wild-type INKIT or
INKIT(S58A), as monitored by the GFP percentages (Fig-
ure S7F). Consistently, transfected poly(l:C)-induced TBK1-
IRF3 or IKKa-pB5 associations were impaired in [nkit™'~
MEFs reconstituted with INKIT or INKIT(S58A), but not with
INKIT(S58D) (Figure S7G). These data together suggest that
the Ser58 of INKIT is a key site for suppression of p65 and
IRF3 activation and cellular antiviral responses.

DISCUSSION
The transcription factors p65 and IRF3 are critically involved in

virus-triggered induction of downstream genes and the activa-
tion of p65 and IRF3 depends on phosphorylation by the



CellPress

B
5200 IFN-B promoter 5 \ock FLAG- Vec INKIT INKIT(S58A)
<150 M SeV SeV: - - 5 B s
g 100 Human: DNFHVWS] IP: aF Ig aF Ig oF Ig aF Ig oF Ig
2 Mouse: DSFHVWISE |5;: apSer [FSEESSNEE U S QR o Ser-INKIT
& 50 Xenopus: DHFHVWS # sl
g m_m_m m Zebrafish: DNFHVWSE IB:oFLAG aus @ e ees |[FLAG-INKIT
FLAG-INKIT
6k FEFTLXRL N'{\‘?' \\"Q L AN
CFLFFEFSOR S isais
| o - o —
| m|—FLAG—|NK|T HSC70
|—.———-{-Hsc7o
HA-pE5  + + + + + HA-IRF3 + + + -
FLAG-IKKo  + + + FLAG-IKKe + + +
FLAG-IKKB + + + FLAG-TBK1 + + +

Myc-INKIT Vec WT 858D Vec WT S58D
IP: aF Ig aF Ig aF Ig oF Ig oF Ig oF Ig

Myc-INKIT Vec WT §S58D Vec WT S58D
IP: oF Ig aF Ig aoF Ig oF Ig oF Ig oF Ig

- ® - . = |Hapss . e W lures
- - ®= - |[MycINKIT/S58D - - - -~ |MycINKiT/S58D
— — — = = == |FLAGKKup — = — =— =— — |FLAGITBKIKKe
= P - - - - A |RF3

— e -~ LAG-|KKa/B

e W -\Myc-INKIT/S58D esas e -Myc-INKIT/S58D

S ———— — -FLAG-ITBK1/KKe

O Inkit ** + Vector
O Inkit - + Vector
= /nkit -+ INKIT
.. B kit + INKIT(S58D)
ke, Inkit - + INKIT(S58A)

Inkit- MEFs Inkit”- MEFs

FLAG- Vec INKIT  INKIT(S58A) INKIT(S58D) FLAG- Vec INKIT  INKIT(S58A) INKIT(S58D)

SeV:0 4 8 0 4 8 0 4 8 0 4 8h HSV-1:0 4 8 0 4 8 0 4 8 0 4 8h
e - - JEREEIS .—\| e ——  —— -p-p65

-...;- ’? -* o R -p65
U S - - _ —_— ] -_ e — — —— ——(-0|RF3
.....‘..—'..1-IRF3

| — —— — — -pTBK1

e ——— T T 3 |

| -~--“--‘-|

|_~—.|

".— D — e WP — e W — —-|—|KB<1

[ ——a—————— - ERK
EsssssssmmRm/ K

| - ————— — ikt

|m.|»[}—Acﬁn

(legend on next page)

Cell Host & Microbe 22, 86-98, July 12,2017 95



Cell’ress

canonical and noncanonical IKKs, respectively. In this study, we
identified a negative feedback loop of virus-triggered signaling
mediated by INKIT (encoded by C7ORF41). Viral infection
induced p65-dependent expression of INKIT, which subse-
quently inhibited phosphorylation of p65 and IRF3 as well as
cellular antiviral responses by interfering with the association be-
tween IKKa/B and p65 and the association between TBK1/IKKe
and IRF3. In support of this conclusion, we observed that defi-
ciency or knockdown of INKIT in primary mouse cells or human
cell lines resulted in increased IKKa/B-p65 and TBK1/IKKe-IRF3
association, hyperphosphorylation of p65 and IRF3, and
increased induction of downstream genes after viral infection.
In addition, Inkit '~ mice produced elevated type | IFNs and
proinflamatory cytokines after viral infection and exhibited resis-
tance to lethal VSV or HSV-1 infection compared to the wild-type
littermates. These data together suggest that INKIT is a regulator
of host innate antiviral responses.

We have previously reported that INKIT/C7ORF41 is induced
by TPA treatment and is involved in megakaryocyte differentia-
tion (Sun et al., 2014). In the present study, we further found
that INKIT negatively regulated innate antiviral signaling at the
level of p65 and IRF3 phosphorylation. First, overexpression of
INKIT or deficiency in INKIT inhibited or potentiated virus-trig-
gered phosphorylation of p65 at Ser536 and IRF3 at Ser396,
but not the upstream molecules, including IKKa/f and TBK1,
respectively. Second, overexpression or knockdown of INKIT
inhibited and potentiated activation of NF-kB or ISRE reporters
mediated by p65, IRF3, and their upstream signal transducers,
respectively. In contrast, the IRF3-5D (a constitutively active
form of IRF3 whose activation does not require phosphorylation
by TBK1/IKKe)-mediated activation of ISRE was not affected
either by overexpression or by knockdown of INKIT. Third, INKIT
specifically interacted with IKKa/B and TBK1/IKKe, but not the
upstream adaptors, including VISA and MITA. Thus, unlike
SIKE, which suppresses the association between IRF3 and
TBK1/IKKe in uninfected cells and restricts IRF3, but not NF-kB
activation (Huang et al., 2005), INKIT simultaneously regulated
virus-triggered signaling at the level of p65 and IRF3 phosphor-
ylation after viral infection.

Our results suggest that viral infection triggers IKKa/B- and
TBK1/IKKe-mediated phosphorylation of INKIT at Ser58. KKa
and TBK1 induced phosphorylation on serine residues of INKIT,
whereas treatment of IKKa/B and TBK1/IKKe inhibitors or defi-
ciency in TBK1 and IKKe significantly impaired virus-triggered

phosphorylation on the serine residues of INKIT. In addition,
mutation of Ser58 of INKIT into Ala substantially impaired vi-
rus-triggered serine phosphorylation of INKIT in cells or in vitro,
indicating that Ser58 of INKIT is phosphorylated after viral infec-
tion. Interestingly, mutation of Ser58 of INKIT into Asp (which
mimics phosphorylation) impaired its ability to interact with
IKKo/B or TBK1/IKKe and failed to interfere with the IKKa/
B-p65 and TBK1/IKKe-IRF3 associations, indicating that phos-
phorylation of INKIT by IKKa/B or TBK1/IKKe promotes its disas-
sociation from IKKa/B or TBK1/IKKe. In support of this notion, we
found that reconstitution of INKIT(S58D), but not INKIT(S58A),
into Inkit~"~ MEFs failed to inhibit virus-triggered phosphoryla-
tion of p65 and IRF3 as well as subsequent induction of down-
stream genes.

It should be noted that INKIT(S58A) exhibited stronger bind-
ing to TBK1/IKKe or IKKa/B than did wild-type INKIT in transient
transfection and co-immunoprecipitation assays, whereas GST-
INKIT or GST-INKIT(S58A) exhibited comparable binding to
TBK1 in GST pull-down assays. A simplest explanation for
this is that the amount of INKIT protein used in GST pull-down
assays was much more than that in transfected cells. In addition,
although GST-INKIT(S58D) weakly interacted with TBK1 or IKKa.,
it was hyperphosphorylated by IKKe, indicating that Ser58 phos-
phorylation is a rate-limiting step of TBK1- or IKKa-mediated
phosphorylation of INKIT. In addition to viral infection-induced
phosphorylation, the serine residues of overexpressed INKIT
were basally phosphorylated, which was not affected by viral
infection or inhibitors for IKKa/p or TBK1/IKKe in HEK293 cells.
However, the basal phosphorylation of INKIT was undetectable
in Tbk1~'~ MEFs stably transfected with TBK1. It is not clear
whether the different basal phosphorylation status of INKIT
is due to different amounts of basal INKIT proteins or distinct
cell types. Further studies are required to elucidate the phos-
phorylation status of INKIT in unstimulated cells and identify
the related kinases for and the physiological relevance of such
modifications.

It is interesting to note that the mRNA, protein, and phosphor-
ylation levels of INKIT are upregulated and decreased at the early
and late phase of viral infection, respectively. Although the
downregulation of INKIT at the late phase of infection is not clear,
it possibly involves multiple levels of modulations from transcrip-
tional to posttranslational regulation. Based on our findings and
previously published studies, we proposed a model of INKIT-
mediated regulation of innate antiviral responses. In resting cells,

Figure 7. Ser58 of INKIT Is Critical for Suppression of p65 and IRF3 Activation

(A) Luciferase reporter assays analyzing IFN-B promoter activity (upper graph) and immunoblot analysis (with anti-FLAG and anti-HSC70) (lower panels) of
HEK293 cells transfected with empty vector or plasmids encoding FLAG-INKIT, FLAG-INKIT(S40A), FLAG-INKIT(S40D), FLAG-INKIT(S58A), FLAG-INKIT(S58D),
FLAG-INKIT(T81A), FLAG-INKIT(T81D), FLAG-INKIT(S111A), or FLAG-INKIT(S111D) for 24 hr then infected with or without (Mock) SeV for 8 hr.

(B) Immunoprecipitation analysis (with anti-FLAG or IgG as a control) and immunoblot analysis (with anti-pSer, anti-FLAG, and anti-HSC70) of HEK293 cells
transfected with empty vector or plasmids encoding FLAG-INKIT or FLAG-INKIT(S58A) then infected with or without (Mock) SeV for 4 hr.

(C) Immunoprecipitation analysis (with anti-FLAG or IgG as a control) and immunoblot analysis (with anti-HA, anti-Myc, and anti-FLAG) of HEK293 cells
transfected with HA-p65 and vector, Myc-INKIT, or Myc-INKIT(S58D) together with FLAG-IKKa or FLAG-IKKB (left) or transfected with HA-IRF3 and vector,
Myc-INKIT, or Myc-INKIT(S58D) together with FLAG-TBK1 or FLAG-IKKze (right).

(D) gRT-PCR analysis of Ifnb, Ifna, Tnf, or I6 mRNA of Inkit*"* MEFs transfected with an empty vector and Inkit "~ MEFs reconstituted with an empty vector, INKIT,
INKIT (S58A), or INKIT (S58D) followed by infection with SeV, HSV-1, or VSV for 0-8 hr.

(E) Immunoblot analysis of phosphorylation of p65, IRF3, IkBa, TBK1, and ERK or total p65, IRF3, IkBa, TBK1, ERK, INKIT, and B-actin of Inkit '~ MEFs
reconstituted with empty vector, INKIT, INKIT (S58A), or INKIT (S58D) followed by infection with SeV (left) or HSV-1 (right) for 0-8 hr.

*p < 0.05; *p < 0.01; **p < 0.001 (two-way ANOVA followed by Bonferroni post-test). Data are representative of three independent experiments (mean + SD in
A and D, n = 3). See also Figures S6 and S7.
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a portion of INKIT constitutively interacted with IKKa/f. After viral
infection, IKKo/B are activated by phosphorylation, which phos-
phorylates INKIT at Ser58, leading to the disassociation of INKIT
and the recruitment of p65 to IKKa/B. IKKo/B-mediated phos-
phorylation of p65 at Ser536 results in upregulation of INKIT,
which is recruited to TBK1/IKKe to block the recruitment of
IRF3. TBK1/IKKe phosphorylates INKIT at Ser58, and this modi-
fication leads to its disassociation from TBK1/IKKe, which allows
the recruitment and phosphorylation of IRF3. This “hop-on and
hop-off ” model allows a prompt and proper activation of p65
and IRF3. Our results provide important insights into the molec-
ular mechanisms of the elegant regulation of innate antiviral
immune responses.
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