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Cytosolic RNA/DNA sensing elicits primary defense against viral pathogens. Interferon regulatory factor 3 (IRF3),
a key signal mediator/transcriptional factor of the antiviral-sensing pathway, is indispensible for interferon pro-
duction and antiviral defense. However, how the status of IRF3 activation is controlled remains elusive. Through
a functional screen of the human kinome, we found that mammalian sterile 20-like kinase 1 (Mst1), but not Mst2,
profoundly inhibited cytosolic nucleic acid sensing. Mst1 associated with IRF3 and directly phosphorylated IRF3 at
Thr75 and Thr253. This Mst1-mediated phosphorylation abolished activated IRF3 homodimerization, its occu-
pancy on chromatin, and subsequent IRF3-mediated transcriptional responses. In addition, Mst1 also impeded
virus-induced activation of TANK-binding kinase 1 (TBK1), further attenuating IRF3 activation. As a result, Mst1
depletion or ablation enabled an enhanced antiviral response and defense in cells and mice. Therefore, the
identification of Mst1 as a novel physiological negative regulator of IRF3 activation provides mechanistic insights
into innate antiviral defense and potential antiviral prevention strategies.
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Metazoans have developed innate defensemechanisms to
resist pathogen infection, which are initiated by recogniz-
ing pathogen-associated molecular patterns (PAMPs) and
followed by cellular host defense countermeasures. In
the case of viral infection, viral RNA is sensed by cytosol-
ic RIG-I-like receptors (RLRs) (Akira et al. 2006; Wu and
Chen 2014; Chan and Gack 2015; Yoneyama et al. 2015)
or endosomal Toll-like receptors (TLRs) (Gilliet et al.
2008), whereas viral DNA is recognized by various cyto-
solic sensors such as cGAS (Civril et al. 2013; Gao et al.
2013; Li et al. 2013; Sun et al. 2013), IFI16 (Unterholzner
et al. 2010), and DDX41 (Zhang et al. 2011). Facilitated
by either mitochondria-associated MAVS (also known
as VISA, IPS-1, or Cardif) or endoplasmic reticulum-
associated STING (also known as ERIS, MITA, MPYS,
or TMEM173), binding of viral dsRNA or DNA to cyto-
solic sensors leads to activation of the Tank-binding
kinase 1 (TBK1) and/or IκB kinase-related kinase ε
(IKKε), which phosphorylate and thus activate the signal-
ing mediator IRF3 (Fitzgerald et al. 2003; Sharma et al.

2003). Cytosolic RNA/DNA sensing also induces the
NF-κB pathway, which often leads to production of proin-
flammatory cytokines (Akira et al. 2006; Chan and Gack
2015). IRF3 and NF-κB cooperate to activate interferon-β
expression, which initiates an antiviral response for
production of hundreds of interferon-stimulated genes
(ISGs) to establish an antiviral state for both survival in
acute viral infection and modulation of adaptive immune
responses (Akira et al. 2006;Wu andChen 2014; Chan and
Gack 2015).

Cytosolic RNA/DNA-sensing pathways induce a po-
tent and danger response to host cells. Thus, sensing of
cytosolic nucleic acid is tightly regulated bymultiple con-
secutive processes, such as (de)phosphorylation, ubiquity-
lation, and oligomerization of CARD domains of RLR and
MAVS (Gack et al. 2007, 2010; Nistal-Villan et al. 2010;
Zeng et al. 2010; Jiang et al. 2012; Wies et al. 2013). IRF3
serves the key signal mediator and transcription factor
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for cytosolic RNA/DNA sensing and antiviral defense.
Upon C-terminal phosphorylation by TBK1 and/or IKKε,
IRF3 homodimerizes and translocates into the nucleus,
where they form a functional transcriptional complex
by recruiting the coactivators of CBP/p300 and GRIP1 to
elicit potent transcription (Yoneyama et al. 1998; Reily
et al. 2006). Even though a few negative regulation loops
of cytosolic RNA/DNA sensing have been proposed
(Chen et al. 2013), still little is known regarding the termi-
nation of antiviral response that is important for cell sur-
vival after the acute viral infection. It is also unclear
whether there is a layer of regulation on IRF3 itself and
how the activation status of IRF3 is maintained or termi-
nated during antiviral response.
Mammalian sterile 20-like kinase 1 (Mst1; also known

as STK4 or KRS2) is a ubiquitously expressed and highly
conserved serine/threonine kinase in the Mst family.
Mst1 is a critical regulator in various cellular processes,
including morphogenesis, proliferation, stress response,
apoptosis, and immune cell development (Ling et al.
2008; Thompson and Sahai 2015). Mst1 along with Mst2
also constitute core components of the mammalian
Hippo/YAP pathway, which includes Mst1/2 and Lats1/
2 kinases and their downstream effectors, YAP and TAZ
transcription coactivators (Zhou et al. 2009; Song et al.
2010; Zhao et al. 2010). Mst1/2 are activated by cell and
tissue architecture even though the underlying mecha-
nism is still less known in mammalian cells. Cellular
oxidative stress also leads to activation of Mst1/2 through
a few distinct pathways involving thioredoxin-1 (Trx1)
(Chae et al. 2012) and peroxiredoxin-1 (Prdx1) (Morinaka
et al. 2011). The major substrates of Mst1/2 are Lats1/2
and Mob1a/b, but other substrates have also been report-
ed. Under stress conditions, Mst1/2 phosphorylate the
FOXO transcription factors to protect cells from oxidative
stress (Lehtinen et al. 2006). LC3, one of the main players
in autophagy, was also recently identified as a substrate of
Mst1/2 (Wilkinson and Hansen 2015). Most intriguingly,
loss of Mst1 renders mice predisposed to autoimmune
disorders (Du et al. 2014; Fukuhara et al. 2015; Halacli
et al. 2015; Thompson and Sahai 2015), and human stud-
ies suggest that single-nucleotide polymorphisms (SNPs)
in Mst1 are associated with both Crohn’s disease and co-
litis (Waterman et al. 2011; Nimmo et al. 2012). These ob-
servations indicate a potential negative function of Mst1
in autoimmunity and host defense.
In this study, we discovered that Mst1 inhibited the

functions of the IRF3 transcriptional factor and TBK1
kinase, two key components in antiviral defense. The
Mst1-mediated phosphorylations reduced the ability of
IRF3 homodimerization and chromatin binding. Activa-
tion of endogenous Mst1 or ectopic Mst1 expression re-
tarded the signaling of cytosolic RNA/DNA sensing and
weakened antiviral defense in cultured cells and zebrafish.
Furthermore, knockout or silencing of Mst1 expression
significantly enhanced antiviral sensing and resistance
to virus infections. This study providesmolecular insights
for Mst1-driven regulation of cytosolic RNA/DNA sens-
ing, and therefore reveals a physiological function ofMst1
in innate antiviral immunity.

Results

Mst1 attenuates cytosolic RNA/DNA sensing

In an attempt to systemically analyze phosphorylation
events in cytosolic nucleic acid sensing, we screened a
cDNA library comprised of the human kinome (92% cov-
erage) by measuring a MAVS- or STING-stimulated path-
way. A reporter assay with the IRF3-responsive IFNβ
promoter revealed that theMst family of STE stress kinas-
es, particularly Mst1 but not Mst2, strongly inhibited the
IFNβ reporter activity stimulated by RIG-I-N (caRIG-I)
(Fig. 1A). Mst1, the kinase well defined in Hippo/YAP
signaling, exhibited a striking inhibition at low levels
(5–10 ng of plasmids per 106 cells) on either caRIG-I- or
STING-stimulated IRF3 activation on both IFNβ and the
artificial ISRE promoter (5xISRE) in a dose-dependent
manner (Fig. 1B,C). Mst1 also blocked IRF3 activity that
is directly stimulated by TBK1 or IKKε, implying that
Mst1 might function at the level of TBK1/IKKε or down-
stream (Fig. 1D).
Point mutation of Lys59 to Arg (K59R) or of Thr183 to

Ala (T183A) was known to catalytically inactivate Mst1
(Glantschnig et al. 2002). To verify the involvement of
Mst1 kinase activity in antiviral sensing, we generated
these two kinase-deadmutants and examined their effects
on IRF3 responsiveness. The fact that kinase-dead Mst1
lost its most inhibitory effects indicates the necessity of
Mst1 catalytic activity for suppression of IRF3 responsive-
ness when stimulated by activated RIG-I, STING (Fig. 1E,
F), or kinases TBK1 or IKKε (Supplemental Fig. S1A). In
contrast, Mst1 did not suppress IFNβ or ISRE promoter
activities in resting cells (Supplemental Fig. S1B) or inhib-
it the TCF or Gli1 promoter upon activation of Wnt or
Hedgehog, respectively (Fig. 1G). These data suggest that
the inhibitory effects of Mst1 on cytosolic nucleic acid
sensing are specific. Complementary to the overexpres-
sion experiments, siRNA-mediated knockdown of Mst1
in HEK293 cells could effectively promote IRF3 respon-
siveness by MAVS or STING (Fig. 1H,I), demonstrating
an enhancement of intracellular RNA/DNA sensing in
the absence of Mst1. Taken together, these observations
suggest a negative role of Mst1 in cytosolic nucleic acid
sensing in a manner dependent on its catalytic ability.
Mst1 can be physiologically activated by exposure to

reactive oxygen species (ROS) (Graves et al. 1998). To ver-
ify the role of endogenous Mst1 in cytosolic nucleic acid
sensing, we treated cells with H2O2 to activate Mst1.
As shown in Figure 1J, H2O2 treatment reduced IRF3
Ser396 phosphorylation and dimerization in response to
Sendai virus (SeV) infection, thereby supporting an inhib-
itory function of Mst1 in virus-induced IRF3 regulation.
Consistently, we observed a lower expression of antiviral
products such as well-defined ISGs, including IFIT1 and
ISG15 (Akira et al. 2006; Xu et al. 2014), in response to
combined treatment of SeV infection and H2O2 (Fig. 1K).
However, only a marginal decrease of antiviral genes by
H2O2 treatment was observed in Mst1−/− mouse embry-
onic fibroblasts (MEFs), while a similar level of IRF3
and TBK1 expression was detected (Supplemental Fig.
S1C), illustrating that ROS-induced reduction of antiviral
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Figure 1. Mst1 attenuates cytosolicRNA/DNAsensing. (A) Transfection ofMst family stress kinases, particularlyMst1, elicited a strong
suppression of the IRF3/7-responsive IFNβ promoter in HEK293 cells, which was stimulated by activated RIG-I (caRIG-I). The expression
of taggedMst1–4 and YSK1were revealed by immunoblotting. n = 3 experiments. (∗) P < 0.001, compared with control, by Student’s t-test.
(B,C ) Dose-dependent inhibition of both IFNβ (B) and 5xISRE (C ) reporters by low-level Mst1 expression in response to RIG-I or STING-
stimulated activation in HEK293 cells. (D) Transfection of TBK1 or IKKε exerted a robust activation of the IRF3-responsive IFNβ reporter,
which was suppressed byMst1 expression, also in a dose-dependent manner. (E,F ) Two kinase-dead forms of Mst1, K59R and T183A, did
not inhibit the IRF3-responsive IFNβ promoter, whichwas stimulated by either activated RIG-I (E) or STING (F ). n = 3 experiments. (∗) P <
0.001, compared with caRIG-I without Mst1; (∗∗) P < 0.001, compared with wild-type Mst1 expression, by Student’s t-tests. (G) Mst1 did
not inhibit Wnt or Hedgehog signaling, which was, respectively, activated by LiCl treatment or Gli1 cotransfection and assessed by re-
porter assays from the TCF or Gli1 promoter. (H) siRNA-mediated knockdown of Mst1 in HEK293 cells, as evidenced by anti-Mst1 im-
munoblotting, boosted IRF3 responsiveness by MAVS, or TBK1 stimulation. (I ) Similarly, siRNA-mediated Mst1 depletion effectively
enhanced the STING pathway. n = 3 experiments. (∗) P < 0.01, compared with control siRNA, by Student’s t-test. (J) Treatment of mouse
embryonic fibroblasts (MEFs) with H2O2 decreased IRF3 phosphorylation at Ser396 and the formation of IRF3 homodimer in Native-
PAGE, which was stimulated by Sendai virus (SeV) infection. (K ) SeV infection induced the expression of antiviral genes IFIT1 and
ISG15 in control or Mst1−/− MEFs. The effects of H2O2 in ISG inductions were significantly stronger in control MEFs than in Mst1−/−

MEFs. (∗) P < 0.01, compared with control MEFs; (∗∗) P < 0.01, compared with SeV infection.
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response was mainly mediated by Mst1. Together, these
data indicate thatMst1 is a negative regulator for antiviral
response and may be important for antiviral regulation in
the ROS-rich microenvironment.

Mst1−/− cells and mice exhibit an enhanced antiviral
response and antiviral defense

To assess Mst1 function in an innate antiviral response,
we isolated MEFs from wild-type or sibling Mst1−/−

mice and measured the mRNA production of antiviral
proteins upon SeV infection. As shown in Figure 2A, a
drastic induction of mRNA of antiviral products IFIT1,
ISG15, IRF7, and IFNβ was detected by quantitative RT–
PCR (qRT–PCR) at 12-h post-infection (hpi), and a signifi-
cantly higher mRNA induction was seen in Mst1−/−

MEFs, illustrating that the absence of Mst1 empowered
antiviral response against SeV infection (Fig. 2A). To ver-
ify these effects, we also generated Mst1 knockout cell
lines by CRISPR/Cas9 technology based on NMuMG,
themousemammary gland epithelial cell (Fig. 2B, bottom
panel). Mst1−/− NMuMG cells displayed a higher IRF3
transactivation in response to MAVS stimulation, and
the enhanced IRF3 activation was reverted upon re-ex-
pression of Mst1 (Fig. 2B). SeV infection elicited a robust
antiviral response in NMuMG cells, as increased antiviral
products measured at 6 hpi (Fig. 2C, left panel). As expect-
ed, Mst1−/− NMuMG cells displayed substantially stron-
ger antiviral responses (Fig. 2C).
To examine the effect of Mst1 deletion to cellular viral

resistance, we infected NMuMG cells with GFP-tagged
vesicular stomatitis virus (gVSV). By either microscopy
or FACS analysis for GFP strength, a drastic reduction of
GFP+ cells, which should have active VSV replication,
was observed in Mst1−/− NMuMG cells (Fig. 2D), indi-
cating a boosted virus resistance in cells without Mst1.
Similarly, in the Mst1−/− MEFs, we observed a lower in-
fection of Herpes simplex virus 1 (HSV-1), which was a
DNA virus with double-integrated GFP and Luciferase
ORFs (Supplemental Fig. S2A), suggesting that Mst1
knockout also promoted defense against the DNA virus.
Expression of MAVS is known to activate antiviral re-
sponse and endow cells with viral resistance (Seth et al.
2005). As expected, prior expression of MAVS drastically
reduced gVSV replication in 293T cells (Supplemental
Fig. S2B). However, coexpression of wild-type Mst1, but
not its kinase-dead mutant, resulted in an impairment
of MAVS-driven viral resistance and a restoration gVSV
replication (Supplemental Fig. S2B). Taken together,Mst1
ablation enhances innate antiviral response and virus de-
fense, proposing Mst1 as a negative regulator of antiviral
defense at the cellular level.
To evaluate the physiological function of Mst1 for anti-

viral defense in vivo, we challengedwild-type andMst1−/−

mice by intravenous tail injection of gVSV. As shown
in Figure 2E, VSV infection resulted in rapid death of
Mst1+/+ mice at the interval between 10 and 12 hpi, and
no mice survived beyond 36 hpi. In contrast, Mst1−/−

mice exhibited a significantly higher resistance to gVSV
infection, as fewer mice died at 12 hpi, and some survived

longer than 72 hpi. At the same time, a significantly
milder gVSV replication and a stronger IFNβ and ISG pro-
duction were recorded in Mst1−/− mice based on quantifi-
cation of virus load in the livers, spleens, and lungs or
mRNA in peripheral blood mononuclear cells (PBMCs)
of sacrificed animals by qRT–PCR (Fig. 2F; Supplemental
Fig. S2C), illustrating an enhancement of antiviral defense
in mice without Mst1.

Forced Mst1 expression sensitizes zebrafish
to VSV infection

Knowing that Mst1 ablation has a drastic effect on anti-
viral response and defense, we next attempted to verify
Mst1’s physiological function by ectopic expression in
an additional animal model. We developed a strategy in
zebrafish to have a fast and real-time assessment of anti-
viral gene function by combining genetic manipulation
and microinjection of GFP-tagged VSV at the early stage
of zebrafish embryogenesis.We thus ectopically expressed
mammal Mst1 or MAVS in zebrafish embryos by mRNA
microinjection at the one-cell stage followed by gVSV
infection 48-h post-fertilization (hpf). As shown in Sup-
plemental Figure S2D, zebrafish embryos underwent a
visible VSV infection mainly in brain tissue but also in
muscle and gut tissues. These infections started to cause
embryo death from 48 hpi. Consistent with our findings
in cultured cell, MAVS expression promoted resistance
of embryos to VSV infection, as shown by ∼20% fewer
embryo deaths, while Mst1 expression markedly de-
creased the resistanceof embryos toVSVinfection (Supple-
mental Fig. S2E), supporting a potential role ofMst1 in the
suppression of antiviral defense in zebrafish and suggest-
ing a cross-species function of Mst1 on antiviral defense.

Mst1 suppresses RNA virus-induced TBK1/IKKε
activation

To unveil the molecular basis for Mst1-mediated inhibi-
tion of cytosolic RNA/DNA sensing, we first analyzed
the effect of Mst1 on virus-induced activation of TBK1
and IKKε. Upon infection of SeV or HSV-1, we detected
a stronger activation of TBK1 in Mst1−/− MEFs, as indi-
cated by the enhanced level of phospho-Ser172 on TBK1
(Fig. 3A; Kishore et al. 2002). Consisting with this, we ob-
served an increase of VSV-induced activation of TBK1 in
Mst1−/− NMuMG epithelial cells, which was generated
by the CRISPR/Cas9 technique (Fig. 3B). siRNA-mediated
knockdown of Mst1 in HEK293 cells also confirmed an
enhanced activation of TBK1, as evidenced by the IRF3-
responsive reporter and TBK1 Ser172 phosphorylation
(Supplemental Fig. S3A). All of the above observations
reveal an enhanced level of virus-inducedTBK1 activation
in the absence of endogenous Mst1.
Intriguingly, we observed that cotransfection of wild-

typeMst1 completely suppressed TBK1 autophosphoryla-
tion and activation, while kinase-dead Mst1 had only a
minor effect (Fig. 3C; Supplemental Fig. S3B), suggesting
that kinase activity ofMst1 is required to inhibit TBK1 ac-
tivation. Furthermore, we observed an obvious mobility
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Figure 2. Mst1 negatively regulates host antiviral defense in primary/cultured cells andmice. (A) Antiviral response of control orMst1−/−

MEFs against SeV infectionwasmeasured bymRNA induction at 12 hpi of various ISGs, including IFIT1, ISG15, IRF7, and IFNβ. Mst1−/−

MEFs exhibited stronger antiviral responses than control MEFs. (∗) P < 0.05, compared with control MEFs, by Student’s t-test. (B, bottom
panel) Mst1−/− NMuMG epithelial cells were generated by the CRISPR/Cas9 method, and the Mst1 knockout (KO) and rescue were
verified by immunoblotting. Cytosolic RNA-sensing signaling in Mst1−/− and control NMuMG was evaluated by IFNβ reporter assay.
(Top panel) Stronger IRF3 transactivation was observed by Mst1 ablation but was reversed by the reintroduction of wild-type (WT)
Mst1. (C ) Antiviral response in Mst1−/− and control NMuMG cells to SeV infection at 6 hpi was measured by quantification of ISGs
and IFNβ, and stronger antiviral responses were observed by Mst1 deletion in NMuMG cells. n = 4 Mst1−/− clones. (∗) P < 0.01, compared
with control NMuMG cells, by Student’s t-test. (D) Mst1−/− and control NMuMG cells were infected with GFP-tagged vesicular stoma-
titis virus (gVSV). Reduced virus replication, as evidenced by a reduced level of GFP+ cells, was observed in Mst1−/− NMuMG cells by
microscopy (top panels) or FACS assay (bottom panels). (E) Survival of ∼8-wk-old Mst1+/+ and Mst1−/− mice given intravenous tail injec-
tion of gVSV (2 × 107 plaque-forming units [pfu] per gram). n = 12mice for each group. P < 0.01, by paired Student t-test. (F ) Determination
of gVSV loads in mouse organs at 12 hpi in Mst1+/+ and Mst1−/− mice, which were intravenously tail-injected, with gVSV. n = 3 mice for
each group. (∗) P < 0.01, compared with control Mst1+/+ group, by Student t-test.
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Figure 3. Mst1 suppresses RNA virus-induced activation of TBK1. (A) Control and Mst1−/− MEFs were subjected to infection by SeV or
HSV-1, and virus-induced activation of endogenous TBK1 was visualized by immunoblotting of Ser172 phosphorylation. Stronger TBK1
activation was seen with Mst1 knockout (KO). (B) Similarly, VSV infection-induced activation of endogenous TBK1, also visualized by
Ser172 phosphorylation, was stronger in Mst1−/− NMuMG cells. (C ) TBK1 activation detected by immunoblotting of phospho-
Ser172 (first panel) and IRF3 activation detected by immunoblotting of phospho-Ser396 (third panel) or phospho-Ser386 (fourth panel)
were eliminated by cotransfection of wild-type Mst1 (WT) but not by kinase-dead Mst1 mutants (K59R or T183A). (Fifth panel)
Also, an obvious mobility shift of IRF3 was seen after coexpression of wild-type Mst1. (D) Similar Mst1-mediated loss of IRF3 phosphor-
ylation and mobility shift were observed when IRF3 was stimulated by activated RIG-I (caRIG-I). (E,F ) IKKε activation, which can be rec-
ognized by the anti-TBK1 phospho-S172 antibody, was dose-dependently inhibited by Mst1 (E) but not by its kinase-dead mutants (F ).
(G) Cotransfection ofMst1with increasing levels of TBK1 showed thatMst1 still suppressed IRF3 transactivation even thoughMst1 could
not abolish TBK1 activation when it was expressed overwhelmingly. n = 3 experiments. (∗) P < 0.001, compared with TBK1 alone control,
by Student’s t-test.
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shift of IRF3 in the presence of wild-type but not kinase-
dead Mst1, implying an Mst1-mediated modification of
IRF3 (Fig. 3C, fifth panel). As expected, TBK1-induced
IRF3 activation, revealed by IRF3 phospho-S396 and phos-
pho-S386 residues, was lost in the presence of wild-type
Mst1 (Fig. 3C; Supplemental Fig. S3B). IRF3 could be
robustly activated by coexpression of activated RIG-I
(caRIG-I) or MAVS. We found that coexpression of Mst1
strongly blocked IRF3 activation by RIG-I or MAVS (Fig.
3D; Supplemental Fig. S3C). A similar effect was also
seen on IKKε activation, whereas the kinase-dead Mst1
showed only marginal effects on IKKε activation (Fig.
3E,F). Together, all of these observations propose that
Mst1 expression blocks TBK1/IKKε activation and also
leads to IRF3 modification even though how Mst1
interferes with TBK1 activation is currently unknown.
More intriguingly, as shown in Figure 3G, we detected a
striking suppression of IRF3 transactivation along with
the loss of TBK1 activation in the presence of Mst1. How-
ever, the Mst1-mediated blockade of IRF3 responsiveness
was still robust even though Mst1 cannot effectively dis-
rupt TBK1 activation when TBK1 was overwhelmingly
expressed (Fig. 3G, third and fourth columns). These
data indicate the presence of additional mechanisms for
Mst1-driven suppression.

Mst1 associates with and directly modifies IRF3

As shown in Figure 3, C and D, we observed a strikingmo-
bility shift of IRF3 in the presence of Mst1, suggesting a
possible connection between Mst1-guided IRF3 modifica-
tion and functional inhibition. To confirm this possibility,
we examined the effect of Mst1 on constitutively active
IRF3. Phosphomimetic mutation on the C terminus of
IRF3 (IRF3 5SD) endowed IRF3 activity in transcription
(Lin et al. 1998). As expected, IRF3 5SD drove a robust
transcription on the IRF3-responsive promoter (Fig. 4A).
Intriguingly, we found that Mst1, but not the kinase-
deadmutant, still drastically inhibited the transcriptional
activity of IRF3 5SD (Fig. 4A). We also observed a strong
mobility change of IRF3 forms on Phos-Tag SDS-PAGE
by the presence of Mst1 expression (Fig. 4B), while λ phos-
phatase treatment eliminated this IRF3 mobility shift
(Supplemental Fig. S4A). Likewise, an obvious mobility
shift was still seen on IRF3 5SD in the presence of wild-
type Mst1 (Fig. 4C, third lane). These results thus suggest
an Mst1-driven modification on activated IRF3, which
may abolish IRF3 transcriptional activity. Furthermore,
we identified PPM1B as an IRF3 phosphatase for elimi-
nating multiple phosphorylation modifications (Fig. 4C;
W Xiang, R Zhou, and P Xu, unpubl.). PPM1B cotransfec-
tion could eliminate Mst1-driven IRF3 phosphorylation,
as indicated by the IRF3 mobility shift (Fig. 4C, second
and fourth lanes). Corresponding with its dephosphoryla-
tion, PPM1B completely rescued Mst1-mediated suppres-
sion of IRF3 5SD (Fig. 4D), thus strongly suggesting the
critical role of dynamic phosphorylation in the regulation
of IRF3 function byMst1.

To unveil whetherMst1 indirectly promotes IRF3 phos-
phorylation through its well-defined Lats1 and Lats2

kinases, we analyzed the Lats1/2 double-knockout
HEK293 cells generated by the CRISPR/Cas9 strategy.
While ablation of both Lats1/2 kinases diminished TAZ
phosphorylation and blocked Mst1-mediated TAZ degra-
dation, deletion of Lats1/2 had little effect on Mst1-
induced IRF3 mobility shift (Fig. 4E). Indeed, by using
coimmunoprecipitation, we detected an interaction
between Mst1 and IRF3 5SD (Fig. 4F) even though Mst1
was known for weak interaction with its substrates
(Chan et al. 2005). As expected, the interaction between
Mst1 and IRF3 was increased in the presence of Mst1
adaptor proteins, including members of the RASSF family
and SAV1, which are known to enhance Mst1 interaction
with the substrate (Khokhlatchev et al. 2002; Callus
et al. 2006; Polesello et al. 2006). The endogenous complex
of Mst1 and IRF3 was also detected by coimmunopreci-
pitation inNMuMGcells (Fig. 4G).Moreover,wedetected
a phosphorylation signal, albeit weak, on purified IRF3 in
an in vitro kinase assay in the presence of purified Mst1
and its adaptor, SAV1, suggesting IRF3 as a direct substrate
of Mst1 (Fig. 4H). These data suggest a model in which
Mst1 may physically associate with and directly phos-
phorylate IRF3, leading to functional inhibition of IRF3.

Mst1 phosphorylates IRF3 on Thr75 and Thr253
to abolish its function

Mst1 has been known to preferably modify a consensus
sequence featured by a Thr residue along with basic
residues at +2/+3 sites (Miller et al. 2008). Interestingly,
proximal sequences of the Thr75 and Thr253 residues of
IRF3 match the Mst1 consensus sequence (Fig. 4I). Subse-
quently, we performed a mass spectrometry analysis of
purified IRF3 from cells in the presence of wild-type or
kinase-dead Mst1 and revealed that both the Thr75 and
Thr253 residues, among other sites, were phosphorylated
by Mst1 (Fig. 4J). These data, coupled with observations
from the in vitro kinase assay, proposed a direct Mst1-in-
duced modification on IRF3 at the Thr75 and Thr253
residues. Furthermore, the Mst1-induced mobility shift,
which was apparent on IRF3 5SD by Phos-Tag SDS-
PAGE, was compromised when Thr253 was mutated
into Asp (Supplemental Fig. S4B), illustrating that Thr253
modification caused Mst1-driven IRF3 mobility shift.

Strikingly, phosphomimetic mutations of singular
(T75D or T253D) or double (T75D/T253D) Thr75 and
Thr253 resulted in a complete loss of transcriptional ac-
tivity of the constitutively active IRF3 (Fig. 4K) to a level
comparable with Mst1 coexpression. Our data show the
critical role of Thr75 and Thr253 phosphorylation in
regulating of IRF3 function. The functional inactivation
of all three phosphomimetic IRF3 mutants could not be
rescued by PPM1B (Fig. 4L), further supporting an inhibi-
tory role of Thr75 and Thr253 phosphorylation in IRF3
regulation. Intriguingly, IRF3 (T75D/T253D) had a stron-
ger interaction with Mst1, implying phosphorylation-in-
duced conformational changes (Supplemental Fig. S4C).
Taken together, our data indicate that Mst1 directly mod-
ifies IRF3 on Thr75 and Thr253 residues, thereby inhi-
biting its transcription function.
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Figure 4. Mst1 associates with and phosphorylates IRF3 to negate its transcriptional activity. (A) Expression ofMst1 wild-type (WT), but
not its kinase-dead form, blocked transcriptional activity of constitutively active IRF3 (IRF3 5SD). n = 3 experiments. (∗) P < 0.001, com-
pared with IRF3 5SD alone; (∗∗) P < 0.001, compared with wild-type Mst1, by Student’s t-test. (B) Phos-Tag SDS-PAGE of transfected IRF3
showed the loss of a faster migrated band in the presence of wild-typeMst1 as another indication forMst1-induced IRF3modification. (C )
Coexpression of wild-typeMst1 resulted in a clear mobility shift of IRF3 5SD (third lane), which can be negated by cotransfection of phos-
phatase PPM1B (fourth lane) that we identified as a phosphatase of IRF3 (second lane). (D) Coexpression of PPM1B completely restored
Mst1-driven suppression of IRF3 5SD. n = 3 experiments. (∗) P < 0.001, compared with wild-typeMst1, by Student’s t-test. (E) Lats1/2 dou-
ble-knockout (dKO) cells were generated by the CRISPR/Cas9 method and verified by immunoblotting of Lats1 expression and TAZmo-
bility shift and degradation. Cotransfection of Mst1 resulted in the loss of the IRF3 faster migrated band, as in the wild-type or Lats1/2
double-knockout cells. (F ) Coimmunoprecipitation assay by differential tags showed the interaction between IRF3 and Mst1, which
was enhanced in the presence ofMst1 adaptors such as RASSF proteins and SAV1. (G) EndogenousMst1 and IRF3 interaction inNMuMG
cells was detected by coimmunoprecipitation assay using an anti-Mst1 antibody and was visualized by IRF3 immunoblotting. Note the
smaller molecular weight of IRF3 in mouse cells. (H) In vitro kinase assay with separately purified IRF3 and Mst1 displayed the signal of
IRF3 phosphorylation in the presence of Mst1 adaptor protein SAV1. Mst1 autophosphorylation was also seen and was boosted by SAV1.
(I ) Amino acid sequences around the Thr75 and Thr253 residues of IRF3 were similar to a reported consensus motif for Mst1 (Miller et al.
2008). (J) Nano-liquid chromatography-tandemmass spectrometry (nano-LC-MS/MS) assay, which analyzed themodifications on purified
IRF3 that was coexpressing with kinase-dead or wild-typeMst1, showedMst1-induced phosphorylation of IRF3 at the Thr75 and Thr 253
residues as well as reduced phosphorylation at the Ser396 residue. (K ) Transfection of phosphomimetic IRF3 mutants revealed that the
transcriptional activity of IRF3 5SD was nearly lost when either Thr75 or Thr253 was phosphorylated to an extent comparable with
Mst1 cotransfection. n = 3 experiments. (∗ and ∗∗) P < 0.001, compared with control of IRF3 5SD expression, by Student’s t-tests. (L) Phos-
phatase PPM1B, which restored Mst1-driven suppression on IRF3 5SD, failed to restore the transcriptional activity of IRF3 5SD with mi-
metic phosphorylation on Thr75 or Thr253. (∗) P < 0.001, compared with control of IRF3 5SD expression, by Student’s t-tests.
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Thr75/253 phosphorylation disrupts IRF3
homodimerization and DNA binding

Given the profound effect of Mst1-mediated IRF3 phos-
phorylation, we attempted to understand the underlying
mechanism for phosphorylation-mediated IRF3 inhi-
bition. We first focused on Thr253 phosphorylation. We
found that the phosphomimetic IRF3 (T253D) could still
be efficiently phosphorylated by TBK1 at its C terminus,
as confirmed by in vitro kinase assay with purified
TBK1 or cotransfection in cells (Fig. 5A,B), suggesting
that Mst1-mediated IRF3 Thr253 phosphorylation did
not interfere with IRF3 phosphorylation by TBK1. Intrigu-
ingly, we observed that IRF3 bearing the T253Dmutation,
despite being phosphorylated in the C-terminal region
(Fig. 5C, first panel), could not be dimerized, as deter-
mined by the IRF3 homodimer band on a Native-PAGE
gel (Fig. 5C, second panel). We observed an obvious IRF3
dimerization induced by virus infection, while a stronger
effect of IRF3 homodimerization was observed in the
Mst1−/− cells in response to SeV or VSV infection (Fig.
5D,E). Earlier studies showed that the R211A/R213A
and K360A/R361A mutants of IRF3 were still phosphory-
lated by TBK1 at Ser385 and Ser386 positions, but no
longer dimerized after phosphorylation (Qin et al. 2003;
Takahasi et al. 2003). Notably, through structural model-
ing, we observed that Thr253 was located at the same in-
terface as Arg211, Arg213, Lys360, and Arg361, and
the Mst1-mediated Thr253 phosphorylation would likely
generate both steric hindrance and electrostatic repulsion,
thus blocking IRF3 dimer formation (Fig. 5F). The above
observations strongly support a model in which Mst1-
mediated Thr253 phosphorylation impairs IRF3 homodi-
merization that is critical for IRF3 function.

The Thr75 residue is proximal to the reported nuclear
localization sequence (NLS) of IRF3, including Lys77/
Arg78 (Kumar et al. 2000). We thus performed an immu-
nofluorescence assay and found that the Thr75 phospho-
mimetic did not hinder MAVS-driven IRF3 nuclear
translocation (Fig. 5G). Since the Thr75 residue is also lo-
cated in the DNA-binding domain (DBD) (Lin et al. 1998;
Panne et al. 2007), we examinedwhether Thr75 phosphor-
ylation affects IRF3’s DNA binding. By using an in vitro
pull-down assay with the ISRE sequence, we indeed ob-
served that the presence of Mst1 severely compromised
IRF3 5SD to bind the ISRE element but did not affect
the binding of Smad3 to the SBE element, which was in-
cluded as a control (Fig. 5H). Intriguingly, the DNA-bind-
ing capability of activated IRF3 was severely diminished
when the IRF3 Thr75 residue was mutated into Asp
(T75D) to mimic its phosphorylation (Fig. 5H, fourth
lane). Therefore, both observations support the negative
regulation of Mst1 on IRF3 promoter binding through
IRF3 Thr75 phosphorylation. Furthermore, we modeled
the IRF3 DNA-binding surface close to the Thr75 residue
according to the reported structure of the IRF3:DNA com-
plex (Panne et al. 2007). As shown in Figure 5I, Thr75
phosphorylation would likely interfere with the Arg78
residue to disrupt its hydrogen bonds with nucleotides,
thus forfeiting IRF3’s DNA binding. All of these observa-

tions are consistent with the hypothesis that IRF3 is
phosphorylated by Mst1 at both the Thr75 and Thr253
residues, which prevents homodimerization and promot-
er binding of activated IRF3, thus terminating its tran-
scription function.

Here we propose a working model for Mst1 regulation
on cytosolic RNA/DNA-sensing signaling by which
Mst1 impedes TBK1/IKKε activation and directly phos-
phorylates IRF3 on the Thr75 and Thr253 residues to
block IRF3 dimerization and promoter binding, thus serv-
ing as a physiological negative regulator in the antiviral
response (Fig. 6).

Discussion

Extensive studies have proposed that host antiviral sens-
ing is strictly regulated by a variety of intercellular mole-
cules such as ubiqutin E3 ligases, kinases, phosphatases,
andmembrane-associated adaptor proteins. In the present
study, we show that the stress kinase Mst1 (a key com-
ponent of the Hippo/YAP pathway and a regulator of
cell and tissue homeostasis) is an inherent repressor for
signaling of cytosolic antiviral sensing. Through direct
phosphorylation, Mst1 abolishes both DNA binding and
homodimerization of IRF3, thereby blocking the cytosolic
RNA/DNA-sensing signaling. Moreover, by two distinct
animal models, we identified Mst1 as a negative physio-
logical regulator of antiviral host defense. ForcedMst1 ex-
pression weakens zebrafish resistance against RNA virus
infection, while mice with Mst1 ablation are more resis-
tant to an RNA virus attack. Thus, our study reveals
that the inherent level and activity of a stress kinase can
integrate and coordinate the innate host defense and influ-
ence outcome of antiviral immunity.

Pathogenic nucleic acid is recognized in the cytoplasm
by RIG-I-like receptors or sensormolecules such as cGAS,
DDX41, and IFI16, which activate the response of a danger
signal through adaptors MAVS or STING, respectively
(Wu and Chen 2014). Our data show that the level and ac-
tivity of Mst1 are important in the regulation of cytosolic
RNA/DNA-sensing signaling through a dual mechanism
for direct phosphorylation and inhibition of IRF3 as well
as the impairment of TBK1 activation upon virus infec-
tion (Fig. 6). Mechanistically, Mst1-mediated phosphory-
lation at the IRF3 Thr75 residue disrupts IRF3’s ability
to bind to DNA elements, while phosphorylation on the
Thr253 residue eliminates the capacity of IRF3 for homo-
dimerization, a step necessary for its transcriptional
function. It thus reveals a new mode of regulation of the
cytosolic nucleic acid-sensing pathway.

The mechanism of Mst1 regulation on cytosolic
nucleic acid sensing through IRF3

IRF3 is central for signaling of cytosolic nucleic acid sens-
ing and thus the innate antiviral defense. Acting down-
stream from RIG-I and MDA5 that sense intracellular
dsRNA, MAVS coordinates and links the activation of
cytosolic RNA sensors to the activation of NF-κB and
TBK1/IKKε-IRF3 for induction of antiviral cytokines
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Figure 5. Mst1-mediated IRF3 phosphorylation disrupts IRF3 homodimerization and DNA binding. (A,B) Phosphomimics of Thr253 did
not prevent TBK1-mediated IRF3 phosphorylation on its C terminus, as measured by phospho-S396 immunoblotting of samples from the
in vitro kinase assay (A) or from cell lysates (B). (C ) Electrophoresis on aNative-PAGE gel exhibited a severely impaired formation of IRF3
dimerization when Thr253 was phosphomimicked (fourth lane). Note that there was a comparable level of IRF3 phospho-Ser396 modi-
fication (first panel) but with a drastically reduced IRF3 homodimer level on phosphomimetic T253D (second panel). (D,E) A SeV-induced
(D) or VSV-induced (E) homodimer of endogenous IRF3 was observed and enhanced in Mst1−/− NMuMG cells, revealing a robust IRF3
homodimerization withMst1 ablation. Note that E and Figure 3B were from the same experiment. (F ) Ribbon representation of the C-ter-
minal IAD of IRF-3 showing that Thr253, Arg211, Arg213, Lys360, and Arg361 are located at the same dimer interface. Thr253 phosphor-
ylation by Mst1 would likely impair IRF3 dimer formation. (G) An immunofluorescence assay showed that IRF3 nuclear import, which
was stimulated by MAVS cotransfection, was largely similar between the wild type and the T75Dmutation. (H, second lane) In a biotin-
labeledDNApull-down assay, activated IRF3 (IRF3 5SD)was shown to bind the ISRE sequence.Mst1 coexpressionweakensDNAbinding
of activated IRF3, while a phosphomimetic of the Thr75 residue (T75D) also displayed severely impaired binding to the ISRE sequence. As
a control, Mst1 did not block binding of Smad3 to its SBE DNA sequence. (I ) Ribbon representation of the IRF3:DNA complex (left panel)
or the modeled Thr75 phosphorylated IRF-3:DNA complex (right panel). Side chain conformational changes of Thr75 were potentially
disruptive for the IRF3 DNA binding by disturbing hydrogen bonds between Arg78 and nucleotides.
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such as type I and type III IFNs and a variety of ISGs (Wu
and Chen 2014; Chan and Gack 2015; Yoneyama et al.
2015). However, very little has been explored regarding
how activated IRF3 is regulated to maintain its appropri-
ate level of activation, which is critical to the survival of
host cells. Our hypothesis of Mst1-mediated inactivation
of IRF3 thus presents a newmode of antiviral defense reg-
ulation to ensure the appropriate level of antiviral re-
sponse by the direct effect of a stress kinase and new
modification sites in IRF3. It may also link cellular envi-
ronments with the host antiviral potential.

Inhibition of IRF3 function by Mst1 involves a dual
mechanism; i.e., inhibition of IRF3 homodimerization
and elimination of its promoter binding as a consequence
of direct phosphorylation at distinct residues. Even
though a mass spectrometry scan has suggested that
Thr75 and Thr253 of IRF3 might be phosphorylated in
cells (Shu et al. 2013), the function implications of the
phosphorylation and the kinases responsible for Thr75
or Thr253 modification have not been explored. The
Thr75 residue is located in the DBD of IRF3; thus, it is
not surprising that its phosphorylation disrupts DNA
binding. Indeed, through modeling based on the known
IRF3:DNA structure (Panne et al. 2007), we revealed
that Thr75 phosphorylation likely disrupts its proximal
Arg78 to form hydrogen bonds to nucleotides, thus

impairing IRF3’s binding to DNA. In addition, by similar
molecular modeling based on the IRF3 IAD structures
(Qin et al. 2003; Takahasi et al. 2003), we found that
Thr253 is located at the same dimer interface as basic res-
idues Arg211, Arg213, Lys360, and Arg361. Mst1-mediat-
ed Thr253 phosphorylation likely generates both steric
hindrance and electrostatic repulsion to block IRF3 dimer
formation. These structure-based insights are consistent
with our observations from biochemistry assays. As a
result, Mst1 drives a robust inhibition of the signaling of
cytosolic RNA sensing. Likewise, the phenotypes charac-
teristic of viral resistance can be detected at both cellular
and animal levels when Mst1 was genetically ablated.

Currently, still very little is known about howMst1 ac-
tivity and levels are regulated by intracellular conditions
or extracellular cues. It is thought that, during tissue
growth, Mst1/2 activity gradually increases as a result of
changes in tissue structure and mechanics (Thompson
and Sahai 2015). Rho signaling and actin stress fibers
can also regulate Mst1/2 (Densham et al. 2009), and met-
abolic control of Mst1/2 signaling may also be achieved
by phosphorylation of their adaptor protein, Sav, by Sik2
(Wehr et al. 2013). It will be interesting to examine cyto-
solic RNA/DNA sensing under these conditions.

Function of Mst1 in host antiviral defense and beyond

Our current data illustrate that Mst1 directly phosphory-
lates IRF3, rendering its loss on transcriptional function.
Thus, Mst1 is identified as the first kinase that negatively
regulates IRF3. Our data obtained from both mice and
zebrafish consistently support the negative role of Mst1
in antiviral defense, which is also conserved from fish to
mammals. Since MAVS, TBK1 and/or IKKε, and IRF3 are
widely expressed and since IRF3 can also be activated by
DNA damage, membrane fusion, and ER stress (Goubau
et al. 2013; Collins and Mossman 2014), the repression
of cytosolic RNA/DNA sensing and IRF3 responsiveness
byMst1 may substantially affect many cellular processes.
In accordance with this, the level, activity, and subcellu-
lar distribution of Mst1 could be important factors in in-
fluencing the pathophysiology of MAVS and TBK1/IKKε
as well as hundreds ISGs either directly or indirectly.
The apoptosis-associated gene reprogramming, the me-
tabolism alteration, and the release of proinflammatory
cytokines that are features of virus infection may be par-
ticularly relevant to Mst1 status. For example, an in-
creased apoptosis and inflammation by depletion of
Mst1 has been observed in some systems (Thompson
and Sahai 2015). Loss of Mst1 also renders mice predis-
posed to autoimmune disorders (Du et al. 2014; Fukuhara
et al. 2015; Halacli et al. 2015; Thompson and Sahai 2015).
Furthermore, SNPs in Mst1 are associated with both
Crohn’s disease and colitis (Waterman et al. 2011;Nimmo
et al. 2012). Since host defense imbalance accounts for one
of the main causes of autoimmune diseases, it is worth-
while to examine whether Mst1’s regulation of host de-
fense is integrated into these situations.

The function of Mst1 in the Hippo/YAP pathway has
long been established. However, Mst1 also serves as an

Figure 6. Model for Mst1-driven suppression of cytosolic RNA/
DNA sensing and antiviral defense. Mst1 impedes cytosolic
RNA/DNA sensing by a dualmechanism.Mst1 directlymodified
IRF3 at the Thr75 and Thr253 residues, which severely disrupted
the activated IRF3 for homodimerization and binding to ISRE el-
ements.Meanwhile, Mst1 also prevented the RNAvirus-induced
activation of TBK1 kinase by an unexploredmanner, thus further
keeping IRF3 at rest. In accordance with this, expression of Mst1
dampened antiviral host defense at both the cellular and whole-
animal levels, while knockout or knockdown of Mst1 boosted
the antiviral sensing and response.
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important regulator in multiple cellular processes. For ex-
ample, Mst1 was found to directly phosphorylate the
Ser14 residue of Bcl-xL, which facilitates Mst1-induced
apoptosis (Del Re et al. 2014). Mst1 is also a major player
in T-cell development even though controversial obser-
vations were made in ex vivo and in vivo studies (Zhou
et al. 2008; Abdollahpour et al. 2012; Nehme et al.
2012). Mst1 also is involved in autophagy regulation by
LC3 phosphorylation (Wilkinson and Hansen 2015).
Thus, Mst1 serves as a key regulator of Hippo/Yap signal-
ing, oxidative stress, T-cell development, autophagy, and
apoptosis regulation. Our present study adds new dimen-
sions to the biology of Mst1 in the negative control of cell
host antiviral defense.
In conclusion, our study provides novel function and

signal integration of a stress kinase in cytosolic RNA/
DNA-sensing signaling through an unexplored mecha-
nism and adds a new complexity to this regulation at
the layer of IRF3. Our model indicates that the level and
activity of Mst1 can be factors for host defense against
RNA viruses.

Materials and methods

Expression plasmids, reagents, antibodies, and mice

Expression plasmids encoding Flag-, Myc-, HA-, or eGFP-tagged
human TBK1, IRF3, IRF3 5SD, caRIG-I, MAVS, STING, IKKε,
Smad3, and the IRF3/7-responsive reporters IFNβ_Luc and 5xIS-
RE_Luc have been described (Xu et al. 2014). ORFs of Mst1-4
and YSK1were obtained from the InvitrogenORF Lite CloneCol-
lection cDNA library by PCR, and Flag-, Myc-, or HA-tagged
mouse Mst1 was constructed on pRK5 mammal expression vec-
tor. Site-directed mutagenesis to generate expression plasmids
encoding Mst1 K59R, Mst1 T183A, and IRF3 5SD with T75,
T253, or their combination replaced by Asp or Ala was performed
using a kit fromStratagene.Detailed informationwill be provided
on request. All coding sequences were verified by DNA sequenc-
ing. GFP and Luciferase double-tagged HSV-1 was a gift from
Dr. Jiahuai Han (Xiamen University, Xiamen), and GFP-tagged
VSV was a gift from Dr. Zhijian J. Chen (University of Texas
Southwestern Medical Center, Dallas). SeV (Cantell strain) was
from Charles River Laboratories. The monoclonal anti-Mst1,
anti-IRF3, anti-pIRF3(S386), anti-pIRF3(S396), anti-TBK1, anti-
pTBK1(S172), anti-HA, and anti-Myc antibodies were from Cell
Signaling, and anti-α-tubulin and anti-Flag antibodies were from
Sigma.Wild-type andMst1−/−C57BL/6mice have been described
(Song et al. 2010).

Cell culture, transfections, and infections

MEFs and HEK293 and NMuMG cells were cultured in DMEM
with 10% FBS. Primary wild-type orMst1−/−MEFswere isolated,
expanded, and cultured by conventional methods. Xtremegene
HP (Roche) or Polythylenimine (PEI, Polyscience) transfection
reagents was used for transfection. Infection of SeV, VSV, and
HSV-1 was as described (Xu et al. 2014).

Luciferase reporter

Cells were transfected with IRF3/7-responsive IFNβ_Luc report-
er, 5xISRE_Luc reporter, or other reporters (as indicated in the
figures) bearing an ORF coding firefly luciferase, along with the

pRL-Luc with Renilla luciferase coding as the internal control
for transfection and other expression vectors as specified. After
24 h of transfection with indicated treatments, cells were lysed
by passive lysis buffer (Promega). Luciferase assays were per-
formed using a dual-luciferase assay kit (Promega), quantified
with POLARstar Omega (BMG Labtech), and normalized to the
internal Renilla luciferase control.

qRT–PCR assay

Cells were lysed, and total RNA was extracted using the
RNAeasy extraction kit (Invitrogen). cDNA was generated using
the one-step iScript cDNA synthesis kit (Bio-Rad), and quantita-
tive real-time PCR was performed using the EvaGreen qPCR
MasterMix (Abm) and CFX96 real-time PCR system (Bio-Rad).
Relative quantification was expressed as 2−Ct, where −Ct is the
difference between the mainCt value of triplicates of the sample
and that of an endogenous L19 or GAPDH mRNA control. The
mouse or VSV primer sequences used are listed in the Supple-
mental Material.

Coimmunoprecipitations and immunoblotting

HEK293T cells transfected with plasmids encoding C-terminal
HA-tagged Mst1, Myc-tagged IRF3 5SD, and Mst1 adaptors or
NMuMG cells were lysed using MLB buffer (Xu and Derynck
2010). Lysates were subjected to immunoprecipitation using
anti-Mst1 (Cell Signaling), anti-Myc (Cell Signaling), anti-Flag
(Sigma), or anti-HA (Sigma) antibodies for transfected proteins.
Preclear procedurewas used for coimmunoprecipitation of endog-
enous proteins. After three or four washes with MLB buffer,
adsorbed proteins were analyzed by 10% SDS-PAGE and immu-
noblotting with the indicated antibodies. Cell lysates were also
analyzed by SDS-PAGE and immunoblotting to control protein
abundance.

RNAi

Double-stranded siRNA (RiboBio) to silence endogenous Mst1
expression in 293T cells targeted the human Mst1 mRNA se-
quences si-Mst1-a (5′-CCTCCAGGAGATAATCAAA-3′) and
si-Mst1-b (5′-CCGCATCAGCACCGATTTA-3′). Cells were
transfected with siRNA using Lipofectamine RNAiMAX (Invi-
trogen) for 48 h before further assay. The reverse transfection
method was used to reach optimal efficiency.

In vitro kinase assay

293T cells were transfectedwith theMyc-TBK1, Flag-eGFP-IRF3,
HA-SAV1, wild-type, or kinase-dead HA-Mst1 expression plas-
mids. Thirty-six hours after transfection, cells were lysed in
MLB buffer, and immunoprecipitation was performed with anti-
Myc, anti-Flag, or anti-HA antibody. Beads were washed three
times with MLB buffer and once with kinase assay buffer
(20 μM ATP or ATPγS, 20 mM Tris-HCl, 1 mM EGTA, 5 mM
MgCl2, 0.02% 2-mercapto-ethanol, 0.03% Brij-35, 0.2 mg/mL
BSA). Immunoprecipitated Myc-TBK1 or Flag-eGFP-IRF3 with
or without wild-type or kinase-dead HA-Mst1 (with HA-SAV1)
was incubated in kinase assay buffer for 60 min at 30°C on a
Thermo-Shaker. EDTA and PNBM (Abcam) were then added,
and the reaction was incubated for 30 min at 25°C with mild
shaking. The reaction was stopped by addition of 2× SDS loading
buffer and subjected to SDS-PAGE and immunoblotting with the
indicated antibodies. The integration of γ-S was detected by im-
munoblotting with anti-thiophosphate ester antibody (Abcam).
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DNA pull-down assay

The DNA probes labeled with biotin were synthesized by Sangon
Biotech. The sequence of triple repeats of IRF3-recognized
and bound ISRE contained biotin-3xISRE-F (biotin-TAGTTT
CACTTTCCCTAGTTTCACTTTCCCTAGTTTCACTTTCCC)
and 3xISRE-R (GGGAAAGTGAAACTAGGGAAAGTGAAAC
TAGGGAAAGTGAAACTA). Single strains of DNA were ther-
mally annealed to form dsDNA prior to pull-down experiments.
293T cells were transfected with plasmids for expressing IRF3
5SD or IRF3 5SD-T75D in the absence or presence of Flag-Mst1
expression plasmid. Forty-eight hours after transfection, lysates
were mixed with biotinylated DNA probe and incubated for
30 min at 25°C. Streptavidin sepharose beads were then added
and incubated for another 15 min. The beads were washed three
times with MLB and resolved by 2× SDS loading buffer for SDS-
PAGE and immunoblotting.

Nano-liquid chromatography-tandem mass spectrometry
(nano-LC-MS/MS) analysis

Nano-LC-MS/MS analysis for protein identification and label-
free quantification was performed by Phoenix National Proteo-
mics Core service as described (Ding et al. 2013). Tryptic peptides
were separated on a C18 column and analyzed by LTQ-Orbitrap
Velos (Thermo). Proteins were identified by using the search en-
gine of the National Center for Biotechnology Information
against the human or mouse National Center for Biotechnology
Information RefSeq protein databases.

CRISPR/Cas9-mediated generation of knockout cells

CRISPR/Cas9 genomic editing for gene deletion was described
(Ran et al. 2013). Guide RNA sequences targeting the Mst1
exon (set1, 5′-TGCAATCAAGCAAGTGCCCGTGG-3′; set2,
5′-AATGTGGGAGGAGGGTTTGTAGG-3′) were cloned into
the plasmid pX330. Constructs, together with puromycin vector,
were transfected into NMuMG or HEK293 by PEI. Twenty-
four hours after transfection, cells were selected with 1.5 μg/mL
puromycin for 72 h, and single colonies were obtained by serial
dilution and amplification. Clones were identified by immuno-
blotting with anti-Mst1 or anti-Lats1 antibody, and four clones
of Mst1−/− NMuMG cells and one clone of HEK293 Lats1/2−/−

cells were used for the indicated analyses.

Ectopic expression of Mst1 and VSV challenge in zebrafish

We developed a system of GFP-tagged VSV challenge in zebrafish
embryos to rapidly assess the gene function on antiviral defense.
Forced expression of exogenous genes was obtained by micro-
injection of mRNA in the one-cell stage of embryogenesis; i.e.,
in the first 20 min after fertilization. At this stage, exogenous
mRNAs distributemost evenly into the majority of cells through
cell division and last for 72–96 h in zebrafish embryos (Beis and
Stainier 2006; Xiong et al. 2014). Zebrafish embryos were incu-
bated at 28.5°C in E3 egg water. mRNA of Mst1 and MAVS
were in vitro transcribed with mMessage mMachine SP6 tran-
scription kit (Life technology), and 25 pg of Mst1 or MAVS
mRNAwas injected into AB wild-type embryos. Injected embry-
os with normal developmentwere selected and used for the gVSV
virus injection (1 × 103 plaque-forming units [pfu] per embryo) in
the embryo yolk at 48 hpf. The infection and death rate of injected
embryos were recorded at the desired stages. To detect expression
of Mst1 or MAVS by immunoblotting, tissue samples were ho-
mogenized and lysed in MLB buffer and subjected to SDS-PAGE
and immunoblotting. Care of experimental animals was in accor-
dance with Zhejiang University guidelines.

Mouse VSV challenge and measurement

Eight-week-old Mst1−/− and wild-type C57BL/6 mice (12 of each)
were intravenously injected through their tails with GFP-tagged
VSV at a dose of 2 × 107 pfu per gram of animal weight. The
survival rate of injectedmicewasmonitored at the indicated stag-
es, as shown in the figures. In a parallel experiment, a total of six
Mst1−/− and Mst1+/+ mice was injected with a half-dose of gVSV;
all mice were sacrificed at 12 hpi, and organs (including the liver,
lungs, and spleen) were collected. All organs were lavaged with 1
mL of cold PBS and snap-frozen in liquid nitrogen for RNA and
protein extraction. Virus load was measured by qRT–PCR with
primer targeting VSV. To assess the antiviral response to gVSV
infection, Mst1–/– and wild-type mice (five of each) were intra-
venously tail-injected at a dose of 1 × 107 pfu per gram of gVSV
and sacrificed at 6 hpi. The PBMCs were isolated from animal
blood using Percoll (Sigma), and mRNA expression of ISGs was
analyzed by qRT–PCR. Care of experimental animals was in
accordance with Zhejiang University guidelines.

Immunofluorescence and microscopy

To visualize the subcellular localization of IRF3 and MAVS,
HEK293A cells were treated as indicated in the figures, fixed in
paraformaldehyde, permeablized, and blocked by horse serum.
Cell slides were then incubated sequentially with primary
antibodies (anti-IRF3 and anti-MAVS) and Alexa-labeled second-
ary antibodies followed by extensive washing. Slides were then
mounted with VectorShield and stained with DAPI (Vector Lab-
oratories). Immunofluorescence images were obtained and ana-
lyzed using a Nikon Eclipse Ti inverted microscope.

Structural modeling

The crystal structures of the DBD of IRF3 bound to DNA and the
C-terminal regulation domain of IRF-3 were downloaded from
Protein Data Bank (ID: 2O6G and 3A77), analyzed, and modeled
using Coot (Emsley and Cowtan 2004). Based on these structures,
Thr75 and Thr253were changed to phosphothreonine (TPO), and
the side chain of Arg78wasmanuallymodeled to form an electro-
static interaction with TPO75. The geometries of the modeled
structures were refined using RefMac (Collaborative Computa-
tional Project, Number 4 1994). All structural illustrations were
prepared with Pymol (http://www.pymol.org).

Statistics

Quantitative data are presented as mean ± standard error of mean
from at least three independent experiments. Data are presented
as fold change, or percentages were log-transformed before statis-
tical analysis. When appropriate, statistical differences between
groups were analyzed using an unpaired or paired Student’s
t-test by Sigmaplot 10.0. Differences were considered significant
at P < 0.05.
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