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IFN-stimulated gene 56 (ISG56) is one of the first identified proteins
induced by viruses and type I IFNs. In this study, we identified ISG56
as a virus-induced protein associated with MITA, an adapter
protein involved in virus-triggered induction of type I IFNs. Overexpression of ISG56 inhibited Sendai virus-triggered activation of
IRF3, NF-B, and the IFN-␤ promoter, whereas knockdown of ISG56
had opposite effects. Consistently, overexpression of ISG56 reversed cytoplasmic poly(I:C)-induced inhibition of vesicular stomatitis virus (VSV) replication, whereas knockdown of ISG56 inhibited
VSV replication. Competitive coimmunoprecipitation experiments
indicated that ISG56 disrupted the interactions between MITA and
VISA or TBK1, two components in the virus-triggered IFN signaling
pathways. These results suggest that ISG56 is a mediator of
negative-feedback regulation of virus-triggered induction of type
I IFNs and cellular antiviral responses.
interferon 兩 MITA 兩 negative-feedback regulation 兩 IRF3 兩 NF-B

T

he innate immune system is the first line of host defense
against viral infection. The host antiviral responses are
initiated by the recognition of viral components by host pathogen recognition receptors (PRRs), which lead to the induction
of type I IFNs consisting of IFN-␣ and IFN-␤ family cytokines
(1–3). Type I IFNs further induces downstream proteins, which
cause suppression of viral replication, clearance of virus-infected
cells, and facilitation of adaptive immune response (1–3).
Among PRRs, certain Toll-like receptors (TLRs) and RIGI-like helicases (RLHs) are known to detect viral infection. For
example, TLR3 is a transmembrane receptor that recognizes
viral dsRNA released by infected cells (4). Engagement of TLR3
by dsRNA triggers TRIF-mediated signaling pathways, leading
to activation of the transcription factors IRF3 and NF-B (5–7).
Unlike TLR3, which acts as a transmembrane receptor, the RLH
family members RIG-I and MDA5 are cytoplasmic viral RNA
sensors (8, 9). Both RIG-I and MDA5 are RNA helicase proteins
that contain 2 CARD modules at their N terminus and a
DexD/H-box RNA helicase domain at their C terminus. The
helicase domains of RIG-I and MDA5 serve as intracellular viral
RNA receptors, whereas the CARD modules are responsible for
transmitting signals to downstream CARD-containing adaptor
VISA (also known as IPS-1, MAVS, and Cardif) (10–13). VISA
is a mitochondrial membrane protein that is associated with
another mitochondrial membrane adapter protein MITA/
STING. It has been demonstrated that MITA recruits TBK1 and
IRF3 to the VISA-associated complex in a viral infectiondependent process (14, 15). In this complex, IRF3 is phosphorylated by TBK1, leading to its dimerization and translocation
into the nucleus. VISA is also associated with TRAF6, which
activates NF-B through IKK (10). The activated IRF3 and
NF-B collaboratively induce transcription of type I IFN
genes (1–3).
Type I IFNs are undetectable under physiological conditions
but rapidly induced after viral infection in most cell types. Type
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0900818106

I IFNs activate the JAK-STAT signal transduction pathways,
leading to transcriptional induction of ⬎300 IFN-stimulated
genes (ISGs) (16). Numerous ISGs, such as ISG15, the GTPase
Mx1, RNaseL, and PKR, have been shown to function as
antiviral effectors. Mice with mutations or deficiencies in these
proteins or the key components of the pathways triggered by
these proteins have increased susceptibility to viral infection
(17). ISG56 (IFIT1) and ISG54 (IFIT2) are two of the first
identified ISGs belonging to the same family (18, 19). All
members in this family contain multiple tetratricopeptide (TPR)
motifs that are known to mediate protein–protein interactions
through scaffolds formed among tandem TPR repeats (20).
ISG56 and ISG54 are induced in response to type I IFNs,
dsRNAs, and viruses (21, 22). Although ISG56 and ISG54 are
among the first identified ISGs, little is known about their
functions. It has been reported that ISG56 and ISG54 interact
with the translation initiation factor eIF-3, leading to the inhibition of translation initiation and protein synthesis (22). ISG56
has also been implicated in antiviral actions of IFNs against
hepatitis C virus, West Nile virus, and lymphocytic choriomeningitis virus (23, 24). A recent study demonstrates that ISG56
inhibits human papillomavirus DNA replication by binding to
the viral protein E1 (25).
Although type I IFNs are critically involved in host defense
against viral infection, production of these cytokines have to be
properly regulated to prevent excessive harmful immune responses. Various molecules, including A20, DUBA, RNF125,
Pin1, RBCK1, NLRX1, SIKE, DAK, and LGP2, have been
shown to regulate induction of type I IFNs by targeting distinct
components of the virus-triggered signaling pathways (26–28).
In this report, we found that ISG56 was associated with the
adapter protein MITA and disrupted the interaction of MITA
with VISA or TBK1, leading to the inhibition of virus-induced
IRF3 activation, IFN-␤ expression, and cellular antiviral responses. Our findings revealed a negative-feedback regulatory
mechanism of cellular antiviral responses mediated by ISG56.
Results
Identification of ISG56 and ISG54 as MITA-Interacting Proteins. Re-

cently, we and others have identified MITA as a critical adapter
protein in virus-triggered IRF3 activation, type I IFN production
and cellular antiviral responses (14, 15). To further investigate
how the functions of MITA in the virus-triggered signaling
pathways are regulated, we attempted to unambiguously identify
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Fig. 1. ISG56 and ISG54 interact with MITA. (A) ISG56 and ISG54 interact with
MITA but not TBK1 or IRF3. 293 cells (2 ⫻ 106) were transfected with the
indicated plasmids (5 g each). Coimmunoprecipitation and immunoblot
analysis were performed with the indicated antibodies (Upper). Expression of
the transfected proteins was analyzed by immunoblots with anti-HA and
anti-Flag (Lower). (B) Endogenous ISG56 and ISG54 are associated with MITA.
293 cells (2 ⫻ 107) were infected with SeV for the indicated times or left
uninfected. Immunoprecipitation and immunoblot analysis were performed
with the indicated antibodies.

MITA-associated proteins through a biochemical purification
approach. We transfected 293 cells with Flag-tagged MITA
alone or in combination with HA-tagged TBK1. The MITAassociated complexes were purified by anti-Flag affinity columns
and eluted with Flag peptides. A shotgun mass spectrum analysis
demonstrated that ISG56 and ISG54 were two proteins specifically associated with Flag-MITA/TBK1 but not with Flag-MITA
alone (Fig. S1). To determine whether ISG56 and ISG54 are
associated with MITA or TBK1, we performed transient transfection and coimmunoprecipitation experiments. The results
indicated that ISG56 and ISG54 interacted with MITA but not
TBK1 or IRF3 (Fig. 1A). Previously, we have shown that
overexpression of MITA only weakly activates IRF3, whereas
TBK1 or TBK1 plus MITA strongly activates IRF3 (14). It is
possible that ISGs were strongly induced in the Flag-MITA/
TBK1-transfected cells but only weakly induced in the FlagMITA-alone-transected cells, which may account for the observation that ISG56 and ISG54 were identified in the Flag-MITA/
TBK1 but not Flag-MITA sample.
To determine whether endogenous ISG56 and ISG54 are
associated with MITA, we induced expression of ISG56 and
ISG54 by Sendai virus (SeV) infection for 2, 12, and 24 h, and
then performed coimmunoprecipitation experiments. The results suggest that endogenous ISG56 and ISG54 induced by viral
infection are associated with endogenous MITA (Fig. 1B).
Interestingly, we found that ISG56 was phosphorylated at 24 h
after SeV infection. The phosphorylation was confirmed by
phosphatase treatment. The significance of the phosphorylation
is unknown at this time.
Overexpression of ISG56 Inhibits Virus-Triggered Activation of ISRE
and the IFN-␤ Promoter. Because ISG56 and ISG54 are associated

with MITA, we determined whether ISG56 and ISG54 regulate
virus-triggered signaling. In reporter assays, overexpression of
ISG56 strongly inhibited SeV-induced activation of the IFN-␤
promoter in a dose-dependent manner in 293 cells, whereas
overexpression of ISG54 had minor inhibitory effect (Fig. 2A).
Real-time PCR experiments also indicated that ISG56 could
inhibit SeV-induced expression of IFN-␤ mRNA (Fig. 2B).
It has been demonstrated that induction of type I IFNs
7946 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0900818106

requires coordinated and cooperative action of the transcription
factors IRF3 and NF-B (1–3). In reporter assays, both ISG56
and ISG54 inhibited SeV-triggered activation of ISRE, a conserved enhancer motif recognized by activated IRF3 (Fig. 2C).
ISG56 and ISG54 also inhibited SeV-induced IRF3 dimerization
(Fig. 2D) and phosphorylation (Fig. 2E), which are hallmarks of
IRF3 activation. In reporter assays, ISG56 inhibited SeVinduced NF-B activation, whereas ISG54 had no inhibitory
effect (Fig. 2F). Consistently, ISG56, but not ISG54, inhibited
SeV-induced IB␣ degradation (Fig. 2G). The effect of ISG56
on virus-induced IFN signaling is not cell type specific because
ISG56 also inhibited SeV-induced IFN-␤ promoter activation in
human blood monocyte-derived macrophages (Fig. 2H), HeLa
and A549 cells (Fig. S2). Furthermore, ISG56 and ISG54 had
different effects on cytoplasmic poly(I:C)-induced IFN-␤ promoter activation. Overexpression of ISG56 inhibited cytoplasmic
poly(I:C)-induced activation of the IFN-␤ promoter, whereas
ISG54 had no inhibitory effect (Fig. 2I). In similar experiments,
both ISG56 and ISG54 had no inhibitory role on EGF-induced
activation of the Elk transcription factor (Fig. 2 J). Taken
together, these data suggest that ISG56 negatively regulates
virus-triggered activation of IRF3, NF-B, and the IFN-␤ promoter, whereas ISG54 has minor effect.
Knockdown of ISG56 Potentiates Virus-Induced Activation of ISRE,
NF-B, and the IFN-␤ Promoter. To determine whether ISG56 and

ISG54 are involved in the regulation of virus-triggered type I
IFN induction under physiological conditions, we examined the
effects of knockdown of these two proteins on virus-triggered
signaling. We constructed multiple RNAi plasmids for ISG56
and ISG54, respectively (Fig. 3A). Reporter assays indicated that
knockdown of ISG56 potentiated SeV-induced ISRE activation,
whereas knockdown of ISG54 had little effect (Fig. 3B). The
potentiation of ISG56 RNAi plasmids on SeV-induced ISRE
activation was correlated with their abilities to down-regulate
ISG56 expression (Fig. 3 A and B). We selected ISG56-RNAi-1
and ISG54-RNAi-1 plasmids for additional experiments described below. These RNAi plasmids could also knockdown
SeV-induced expression of endogenous ISG56 and ISG54, respectively (Fig. 3A). In reporter assays, knockdown of ISG56
potentiated SeV-triggered activation of NF-B (Fig. 3C) and the
IFN-␤ promoter (Fig. 3D) in 293 cells, whereas knockdown of
ISG54 had little or no effects (Fig. 3 C and D). RT-PCR
experiments confirmed that knockdown of ISG56 could potentiate virus-induced expression of endogenous IFN-␤, Rantes,
and ISG15 (Fig. 3E). Interestingly, knockdown of ISG54 caused
elevated expression of ISG56, whereas knockdown of ISG56
caused elevated expression of ISG54 (Fig. 3E). These results
suggest that ISG54 and ISG56 can compensate for decreased
expression of the other protein. However, this may not be
responsible for the observation that knockdown of ISG54 had
minor effect on SeV-induced IFN-␤ promoter activation because
double knockdown of ISG54 and ISG56 did not markedly
enhance the potentiation effect on SeV-induced IFN-␤ promoter activation compared with knockdown of ISG56 alone
(Fig. 3D). Knockdown of ISG56 also potentiated SeV-induced
IFN-␤ promoter activation in human primary macrophages (Fig.
3F) and dendritic cells (DCs) (Fig. 3G), as well as HeLa and
A549 cells (Fig. S3). Consistently, knockdown of ISG56 potentiated cytoplasmic poly(I:C)-induced activation of the IFN-␤
promoter, whereas knockdown of ISG54 had a lesser effect (Fig.
3H). These data suggest that endogenous ISG56 negatively
regulated SeV-induced activation of IFN-␤ pathway.
ISG56 Negatively Regulates Cellular Antiviral Responses. Because
ISG56 negatively regulates virus- and cytoplasmic poly(I:C)triggered IRF3 activation and IFN-␤ induction, we investigated
whether ISG56 plays a role in cellular antiviral response. In
Li et al.
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Fig. 2. ISG56 inhibits virus-induced signaling. (A) ISG56 and ISG54 inhibit SeV-induced activation of the IFN-␤ promoter in a dose-dependent manner. 293 cells
(1 ⫻ 105) were transfected with an IFN-␤ promoter reporter (0.1 g) and increased amount of ISG56 or ISG54 expression plasmids. Eighteen hours after
transfection, cells were left uninfected or infected with SeV for 12 h before luciferase assays were performed. (B) ISG56 inhibits SeV-induced expression of IFN-␤
mRNA. 293 cells (2 ⫻ 105) were transfected control or ISG56 expression plasmid (1 g). Eighteen hours after transfection, cells were left uninfected or infected
with SeV for 12 h before real-time PCRs were performed. (C) ISG56 and ISG54 inhibit SeV-induced ISRE activation in a dose-dependent manner. Experiments were
performed similarly as in A except that an ISRE reporter was used. (D and E) ISG56 and ISG54 inhibit SeV-induced dimerization (D) and phosphorylation (E) of
IRF3. 293 cells were transfected with the indicated plasmids for 24 h. Cells were then left uninfected or infected with SeV for 8 h (D) or 6 h (E) before native or
SDS/PAGE and immunoblots with the indicated antibodies were performed. (F) Effects of ISG56 and ISG54 on SeV-induced activation of NF-B. The experiments
were similarly performed as in A. (G) Effects of ISG56 and ISG54 on SeV-induced degradation of IB␣. 293 cells (2 ⫻ 105) were transfected with the indicated
expression plasmids (1 g each). Eighteen hours after transfection, cells were left untreated or infected with SeV for the indicated times before immunoblot
analysis was performed. Shown in the lower panels is TNF-induced IB␣ degradation. (H) ISG56 inhibits SeV-induced activation of the IFN-␤ promoter in human
primary macrophages. The experiments were similarly performed as in A except that the cells were transfected with the Nucleofactor method. (I) Effects of ISG56
and ISG54 on cytoplasmic poly(I:C)-induced activation of the IFN-␤ promoter. 293 cells (1 ⫻ 105) were transfected with the indicated plasmids (0.5 g each) for
18 h. Cells were then further transfected with poly(I:C) (1 g) or left untransfected for 24 h before luciferase assays were performed. (J) Effects of ISG56 and ISG54
on EGF-induced activation of Elk. 293 cells (1 ⫻ 105) were transfected with a pFR-luc reporter (0.2 g) and an Elk reporter (0.02 g) together with the indicated
expression plasmids (0.5 g each). Eighteen hours after transfection, cells were treated with EGF (50 ng/ml) for 12 h before luciferase assays were performed.

plaque assays, overexpression of ISG56 mildly enhanced vesicular stomatitis virus (VSV) replication and significantly reversed
cytoplasmic poly(I:C)-mediated inhibition of VSV replication
(Fig. 4A). Conversely, knockdown of ISG56 significantly inhibited VSV replication and further enhanced the inhibitory effect
triggered by cytoplasmic poly(I:C) (Fig. 4B). In these experiments, the effects of ISG54 are minimal (Fig. 4 A and B). These
data suggest that ISG56 negatively regulates cellular antiviral
responses.
Li et al.

ISG56 Disrupts the Interaction of MITA with VISA or TBK1. Because

ISG56 interacted with MITA and negatively regulated virustriggered IRF3 activation and IFN-␤ induction, we investigated
whether ISG56 acts through disruption of MITA-associated
complexes. We have previously demonstrated that MITA is
associated with VISA and acts as a scaffold protein to recruit
TBK1 and IRF3 to the VISA complex (14). We wondered
whether ISG56 inhibits virus-triggered signaling through disrupting the interaction of MITA with either its upstream protein
PNAS 兩 May 12, 2009 兩 vol. 106 兩 no. 19 兩 7947
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VISA or its downstream protein TBK1. To test this, we performed competitive coimmunoprecipitation experiments. The
results indicated that ISG56 disrupted the MITA–VISA and
MITA–TBK1 interactions dose-dependently (Fig. 5A). Interestingly, ISG54 also disrupted these interactions (Fig. S4), consistent with its ability to inhibit SeV-induced ISRE and IFN-␤
promoter activation (Fig. 2 A and C). In similar experiments,
ISG56 did not disrupt the interactions between VISA and
MDA5, an interaction important for cytoplasmic poly(I:C)triggered signaling, or between TRIF and TBK1, an interaction
involved in TLR3 signaling (5) (Fig. 5B). These data suggest that
ISG56 specifically disrupts the interactions of MITA with VISA
and TBK1.
To determine whether endogenous association between
MITA and VISA or TBK1 is disrupted after induction of ISG56,
we performed endogenous coimmunoprecipitation experiments
at various time points after viral infection. Consistent with our
previous studies (18), we found that MITA interacted with VISA
7948 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0900818106
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Fig. 3.
Effects of RNAi-mediated knockdown of
ISG56 and ISG54 on virus-induced signaling. (A) Effects
of ISG56 and ISG54 RNAi plasmids on expression of
ISG56 and ISG54. In the upper panels, 293 cells (2 ⫻ 105)
were transfected with the indicated expression (0.5 g
each) and RNAi plasmids (1 g each) for 24 h before
immunoblot analysis was performed with anti-Flag. In
the lower two panels, 293 cells (2 ⫻ 105) were transfected with the indicated RNAi plasmids (1 g each) for
24 h, and then infected with SeV for 10 h before
immunoblot analysis was performed with the indicated antibodies. (B) Effects of ISG56 and ISG54 RNAi
on SeV-induced ISRE activation. 293 cells (1 ⫻ 105) were
transfected with the indicated RNAi plasmids (0.5 g
each) for 24 h, and then infected with SeV or left
uninfected for 12 h before reporter assays were performed. (C) Effects of ISG56 and ISG54 RNAi on SeVinduced NF-B activation. The experiments were similarly performed as in B except that NF-B reporter
plasmid was used. (D) Effects of ISG56 and ISG54 RNAi
on SeV-induced activation of the IFN-␤ promoter. 293
cells (1 ⫻ 105) were transfected with the indicated
amount of RNAi plasmids. An empty vector was added
to ensure that each transfection received the same
amount of total DNA. The reporter assays were similarly performed as in B. (E) Effects of ISG56 and ISG54
RNAi on SeV-induced expression of downstream
genes. 293 cells (2 ⫻ 105) were transfected with the
indicated RNAi plasmid (1 g each). Twenty-four hours
after transfection, cells were left uninfected or infected with SeV for 12 h before RT-PCR was performed.
(F and G) Effects of ISG56 RNAi on SeV-induced activation of the IFN-␤ promoter in human primary macrophages (F) or DCs (G). The experiments were similarly
performed as in B except the cells were transfected
with the Nucleofactor method. (H) Effects of ISG56 and
ISG54 RNAi on cytoplasmic poly(I:C)-induced activation
of the IFN-␤ promoter. 293 cells (1 ⫻ 105) were transfected with the indicated RNAi plasmids (0.5 g each).
Twenty-four hours later, cells were further transfected
with poly(I:C) (1 g) or left untransfected and luciferase assays were performed 24 h later.

in uninfected cells. However, MITA interacted with TBK1 at 2 h
after SeV infection. The MITA–VISA and MITA–TBK1 associations were diminished at 12-h time point and undetectable at
24-h time point (Fig. 5). The kinetics of disassociation between
these proteins is correlated with the expression of endogenous
ISG56 and its association with MITA (Figs. 1B, 5C). These
results support the conclusion that induction of ISG56 disrupts
the MITA–VISA and MITA–TBK1 interactions.
Discussion
ISG56 and ISG54 are two of the first identified proteins that are
induced by type I IFNs, dsRNAs, and viruses (19, 22). In this
study, we identified ISG56 and ISG54 as two proteins associated
with MITA, a critical adapter protein involved in virus-triggered
induction of type I IFNs (14, 15). Overexpression of ISG56
inhibited SeV-triggered activation of IRF3, NF-B, and the
IFN-␤ promoter, whereas knockdown of ISG56 had an opposite
effect. Consistently, overexpression of ISG56 reversed cytoplasLi et al.
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mic poly(I:C)-induced inhibition of VSV replication, whereas
knockdown of ISG56 inhibited VSV replication. These results
suggest that ISG56 negatively regulates virus-triggered IFN-␤
induction and cellular antiviral responses. Previously, it has been
established that ISG56 is induced by viral infection and type I
IFNs (21). Taken together, these studies suggest that ISG56 is a
mediator of negative-feedback regulation of cellular antiviral
responses.
Interestingly, although ISG54 is homologous to ISG56 and
also disrupted MITA–VISA and MITA–TBK1 interactions in
mammalian overexpression systems, either overexpression or
knockdown of ISG54 had only minor effects on SeV-induced
activation of the IFN-␤ promoter as well as cellular antiviral
responses. Previously, it has been demonstrated that ISG56
mRNA expression was much stronger and longer than ISG54 in
response to viruses such as influenza virus and herpes simplex
virus type 1 (29, 30). It has also been noted that ISG56 mRNA
is the most abundant IFN-induced mRNAs in a gene array
analysis (16). These observations suggest that ISG56 is a major
mediator of virus-triggered negative-feedback regulation of type
I IFNs and cellular antiviral responses, whereas ISG54 plays
much lesser role in these processes.
In coimmunoprecipitation experiments, ISG56 interacted
with MITA but not TBK1 or IRF3. Competitive coimmunoprecipitation experiments indicated that ISG56 disrupted the MITA–VISA and MITA–TBK1 interactions in a dose-dependent
manner. In similar experiments, ISG56 did not disrupt the
MDA5–VISA and TRIF–TBK1 interactions. Based on these
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with the indicated expression plasmids (0.5 g each). Eighteen hours later,
cells were further transfected with poly(I:C) (1 g) or left untransfected.
Twenty-four hours after transfection, cells were infected with VSV [multiplicity of infection (moi), 0.1], and the supernatants were harvested at 24 h
postinfection. Supernatants were analyzed for VSV production with standard
plaque assays. Graphs show mean ⫾ SD (n ⫽ 3). (B) Knockdown of ISG56
inhibits VSV replication. Plaque assays were performed as in A except that a
control or ISG56/54 RNAi plasmid (no. 1) (1 g) was transfected. Graphs show
mean ⫾ SD (n ⫽ 3).
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Fig. 5. ISG56 disrupts the interaction of MITA with VISA or TBK1. (A) ISG56
disrupts the association of MITA with VISA or TBK1 in a dose-dependent
manner. 293 cells (2 ⫻ 106) were transfected with the indicated plasmids (5 g
each) and an increase amount of ISG56 expression plasmids. Coimmunoprecipitation and immunoblot analysis were performed as in Fig. 1 A. (B) ISG56
does not disrupt MDA5–VISA or TRIF–TBK1 interactions. 293 cells were transfected with the indicated plasmids and the coimmunoprecipitation and immunoblot analysis were performed as in Fig. 1 A. (C) Kinetics of MITA–VISA and
MITA–TBK1 associations after viral infection. 293 cells were left uninfected or
infected with SeV for the indicated times. Immunoprecipitation and immunoblot analysis were performed with the indicated antibodies.

results, we propose that ISG56 negatively regulates virustriggered signaling and cellular antiviral responses through specific disruption of the VISA–MITA–TBK1 complex by steric
hindrance.
To prevent harmful effects resulting from spontaneous production in uninfected cells or overproduction of type I IFNs
during an acute infection, host cells have developed distinct
strategies to control excessive antiviral innate immune responses.
At least two distinct mechanisms have been identified. One of
the mechanisms involves the ubiquitin–proteosome system. Several members of the E3 ubiquitin ligase family, such as A20,
RNF125, Pin1, RBCK1, RNF5, and Ro52, target the key components of the virus-induced type I IFN signaling pathways for
degradation (26–28, 31, 32). Second, some inhibitory proteins,
such as DAK, SIKE, and NLRX1, are constitutively expressed
and physically associated with key components of virus-induced
type I IFN signaling pathways to sequester them in inactive forms
(26, 27, 33). Viral infection leads to release of these inhibitors,
resulting in activation of the signaling components. In this study,
we identified a distinct mechanism on regulation of virusPNAS 兩 May 12, 2009 兩 vol. 106 兩 no. 19 兩 7949
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triggered induction of type I IFNs and cellular antiviral response:
ISG56 is strongly induced by viral infection and then downregulates virus-triggered induction of type I IFNs and cellular
antiviral responses by disrupting the VISA–MITA–TBK1 complex.
Previous reports suggest that ISG56 acts as a suppressor of
viral replication and protein translation. In light of these and our
current findings, it is possible that ISG56 has multiple functions
and is an important integrator of inhibition of viral replication
and control of excessive antiviral responses. It is also possible
that the functions of ISG56 are temporally regulated during viral
infection. Although more studies are needed to understand the
delicate regulatory mechanisms of ISG56 in viral replication and
antiviral responses, our findings reveal a previously undescribed
role for ISG56 in regulating cellular antiviral responses.
Methods
Reagents. Flag peptide (Sigma), poly(I:C) (Invitrogen), EGF (R&D Systems); fetal
bovine serum (ExCell); mouse monoclonal antibodies against Flag, HA, and
␤-actin (Sigma); and rabbit polyclonal antibody against IRF3 (Santa Cruz
Biotechnology) were purchased from the indicated manufacturers. SeV, VSV,
and rabbit and mouse anti-MITA antibodies were described in ref. 14. Mouse
anti-ISG56 and ISG54 antiserum were raised against recombinant human
ISG56 and ISG54.

expression plasmids for human HA- or Flag-tagged ISG56 and ISG54 were
constructed by standard molecular biology techniques.
Protein Purification and Mass Spectrometry Analysis. 293 cells (5 ⫻ 107) were
transfected with Flag-MITA alone or in combination with HA-TBK1. The
transfected cells were lysed, and the lysates were subjected to anti-Flag
affinity purification. The anti-Flag associated proteins were eluted with Flag
peptides. The eluted proteins were digested by trypsin in solution. The tryptic
peptides were analyzed by HPLC-ESI/MS/MS with a Thermo Finnigan LTQ
adapted for nanospray ionization. The tandem spectra were searched against
Homo sapiens National Center for Biotechnology Information reference database using the SEQUEST. Results was filtered by Xcorr ⫹1 ⬎ 1.9, ⫹2 ⬎ 2.2,
⫹3 ⬎ 3.5, sp ⬎ 500, Deltcn ⬎ 0.1, Rsp ⬍⫽ 5.
Transfection, Reporter Assays, Coimmunoprecipitation, Blot Analysis and RTPCR, Generation and Transfection of Human Primary Macrophages and DCs.
These experiments were performed as described in refs. 10, 14, and 32.
RNAi Experiments. Double-strand oligonucleotides corresponding to the target sequences were cloned into the pSuper.retro RNAi plasmid (Oligoengine).
The target sequences for human ISG56 cDNA are as follows: no. 1, GGATAAAGCTCTTGAGTTA; no. 2, CAGAAAAGCTGAAGAGAAT; no. 3, GACAAGGTGGAGAACATTT; and no. 4, CTACAAATTGGAAGGAAAT. The target sequences
for human ISG54 cDNA are as follows: no. 1, CGTAAAGCTGAAGAGTTAA; no.
2, GAGAGAAGTTAGTTGAAGA; no. 3, CCAGAAATCAAGGGAGAAA; and no. 4,
CAAATTGGGTGCTGCTATA.

Constructs. NF-B, ISRE, and the IFN-␤ promoter luciferase reporter plasmids,
mammalian expression plasmids for HA- or Flag-tagged RIG-I, MDA5, VISA,
TBK1, TRIF, and IRF3 were described in refs. 10, 14, and 33. Mammalian
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