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ABSTRACT Rubicon is part of a Beclin-1-Vps34-containing autophagy complex. Ru-
bicon induces antimicrobial responses upon Toll-like receptor (TLR) stimulation and
functions as a feedback inhibitor to prevent unbalanced proinflammatory responses
depending on dectin-1 signaling. However, the role played by Rubicon during anti-
viral immune responses, particularly the type | interferon (IFN) responses, remains
largely unknown. Here, we report that Rubicon acts as a negative regulator for virus-
triggered IFN signaling. Knockdown of Rubicon promoted type | interferon signaling
and inhibited virus replication, while overexpression of Rubicon had the opposite ef-
fect. Rubicon specifically interacts with the interferon regulatory factor (IRF) associa-
tion domain (IAD) of IRF3, and this interaction leads to inhibition of the dimerization
of IRF3, which negatively regulates IFN-mediated antiviral response. Thus, our find-
ings suggest the novel additional role of Rubicon as a negative regulator that inhib-
its the IFN signaling and cellular antiviral responses, providing a novel cellular mech-
anism of IRF3 inhibition.

IMPORTANCE The type | IFN system is a critical innate immune response that pro-
tects organisms against virus infection. However, type | IFN signaling must be tightly
regulated to avoid excessive production of IFNs. Hence, negative regulatory mecha-
nisms for type | IFN signaling are important, and to date, several related molecules
have been identified. Here, we show that Rubicon is a major negative regulator of
type | IFN signaling, and unlike previous reports of cellular molecules that inhibit
IRF3 activation via proteasomal degradation or dephosphorylation of IRF3, we show
that Rubicon interacts with IRF3 and that ultimately this interaction leads to inhibi-
tion of the dimerization of IRF3. Thus, we identified a novel negative regulator of
type | IFN signaling pathways and a novel cellular mechanism of IRF3 inhibition. The
results of this study will increase our understanding of the role of negative-feedback
mechanisms that regulate type | IFN signaling and maintain immune homeostasis.

KEYWORDS IRF3 dimerization, interferon, Rubicon

pon virus infection, a series of cellular signaling events are induced, and ultimately,
proinflammatory cytokines and type | interferons (IFNs), such as alpha interferon
(IFN-a) and IFN-B, are produced.

These cytokines play a crucial role in the innate immune responses, which are
involved in the inhibition of virus replication and induction of adaptive immune
responses (1-6). In particular, type | IFNs are potent inhibitors of viral replication; they
act as such by promoting apoptosis of infected cells and stimulating surrounding cells
to induce transcription of IFN-related genes, which work to synergistically inhibit viral
replication and to activate innate and adaptive immune cells (7, 8). Type | IFNs are
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transcriptionally regulated and induced by latent transcription factors that are activated
via type | IFN signaling pathways.

Interferon regulatory factor 3 (IRF3) is a member of the transcriptional factor family
called interferon regulatory factors (IRF) and a major transcription factor that induces
production of type | IFNs (9-12). After viral infection, pattern recognition receptors
(PRRs), including retinoic acid-inducible gene 1 (RIG-l), melanoma differentiation-
associated protein 5 (MDA5), and Toll-like receptor 3 (TLR3), detect viral molecular
features and activate IRF3 via phosphorylation of its C-terminal trans-activation domain
by tank-binding kinase 1 (TBK1) and inhibitor-«B kinase & (IKKe) (13, 14). Phosphory-
lated IRF3 forms dimers via its IRF association domain (IAD) region; these dimers then
translocate from the cytoplasm to the nucleus (15-18), where IRF3 induces transcrip-
tion of type | IFN genes.

Production of type | IFNs must be tightly regulated and terminated in an effective
and timely manner to avoid problems, such as inflammatory diseases, septic shock, and
autoimmune disorders (19-22). The activation of IRF3 is also tightly controlled by
regulatory cellular molecules. Some negative regulatory molecules restrain IRF3 activity
via proteasomal degradation or dephosphorylation. For example, peptidylprolyl cis-
trans isomerase NIMA-interacting 1 (Pin 1), E3 ligase Ro52, Cullin-based ubiquitin
ligases, and RBCC protein interacting with PKC1 (RBCK1) all trigger proteasomal deg-
radation of IRF3 (23-26). A recent study reported that RTA-associated ubiquitin ligase
(RAUL) is the major endogenous ubiquitin E3 ligase responsible for the degradation of
IRF3 and IRF7 (27). In addition, protein phosphatase 2A (PP2A) and its adaptor mole-
cule, RACK1, dephosphorylate IRF3 (28). Although dimerization of IRF3 is a critical step
for activating the type | IFN signaling pathway, the cellular molecules that inhibit IRF3
dimerization are unknown.

Rubicon (RUN domain Beclin-1 interacting cysteine-rich domain containing) is a RUN
domain protein, like Beclin-T-interacting and cysteine-rich-domain-containing au-
tophagy protein, and it regulates autophagy (29, 30). Upon microbial infection or TLR2
activation, Rubicon activates phagocytosis by interacting with the p22phox molecule in
the NADPH oxidase complex to generate reactive oxygen species and inflammatory
cytokines (31). Rubicon also acts as a negative regulator of responses against fungal
infections by interacting with CARD9 (32). However, the role of Rubicon during antiviral
immune responses, particularly the type | IFN pathway, remains largely unknown.

In this study, we identified Rubicon as a negative regulator for virus-triggered type
I IFN signaling pathways. Rubicon specifically interacts with IRF3, and this interaction
leads to inhibition of the dimerization of IRF3, thereby inhibiting excessive cellular
antiviral immune responses. Our findings reveal the additional role of Rubicon as a
novel cellular molecule for IRF3 inhibition.

RESULTS

Knockdown of Rubicon increases type | IFN secretion and inhibits viral repli-
cation. To examine whether Rubicon affects antiviral responses, we first generated a
cell line exhibiting suppressed expression of endogenous Rubicon. This was achieved
by infecting RAW264.7 cells with lentivirus carrying Rubicon-specific short hairpin RNA
(shRNA). Immunoblotting revealed that these cells showed markedly lower expression
of Rubicon than the parental cells (Fig. 1A). Control and Rubicon knockdown RAW264.7
cells were then infected with green fluorescent protein (GFP)-expressing HINT influ-
enza virus (PR8-GFP) or GFP-expressing vesicular stomatitis virus (VSV-GFP), followed by
measurement of virus replication. GFP expression was visualized by fluorescence
microscopy and measured in a luminometer. The number of GFP-expressing cells
among Rubicon knockdown cells was less than that among control cells (Fig. 1B).
Additionally, a plaque assay revealed that the virus titer in Rubicon knockdown
RAW264.7 cells was lower than that in control cells. To identify a link between inhibited
antiviral responses and innate cytokine responses, we collected culture supernatants
from the cells at 12 and 24 h postinfection (hpi) with VSV-GFP and PR8-GFP and
measured IFN-B and interleukin-6 (IL-6) concentrations by enzyme-linked immunosor-
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FIG 1 Knockdown of Rubicon increases antiviral responses. (A) Rubicon expression in RAW264.7 cells infected with control lenti-shRNA (lane 1; RAW-Scramble)
or Rubicon lenti-shRNA (lane 2; RAW-sh-Rubicon) was measured by immunoblotting (IB). B-Actin was used to confirm equal loading of proteins. (B and C)
RAW-Scramble and RAW-sh-Rubicon cells were infected with PR8-GFP (MOl = 3) or VSV-GFP (MOl = 1) or treated with poly(l-C) (20 ng/ml) or 5'ppp-dsRNA
(1 wg/ml). (B) Virus replication was examined by measuring GFP expression levels under a fluorescence microscope at 24 hpi and quantified using a fluorescence
modulator at 12 and 24 hpi. Virus titers were determined by plaque assay. (C) IFN-B and IL-6 concentrations in the supernatants of RAW-Scramble and
RAW-sh-Rubicon cells were measured by ELISA at 12 and 24 hpi. (D) Rubicon expression in BMDMs transfected with control siRNA (lane 1; BMDM-Scramble)
or Rubicon siRNA (lane 2; BMDM-si-Rubicon) was measured by immunoblotting. B-Actin was used to confirm equal loading of proteins. (E and F) Virus titers
in BMDM-Scramble and BMDM-si-Rubicon cells were measured by plaque assay at 12 and 24 hpi with PR8-GFP (MOI = 3) or VSV-GFP (MOI = 1) (E), and IFN-3
and IL-6 levels in the supernatants were measured by ELISA (F). (G) Rubicon expression in HEK293T cells transfected with control siRNA (lane 1; 293T-Scramble)
or Rubicon siRNA (lane 2; 293T-si-Rubicon) was measured by immunoblotting. B-Actin was used to confirm equal loading of proteins. (H and 1) 293T-Scramble
and 293T-si-Rubicon cells were infected with PR8-GFP (MOl = 1) or treated with poly(I-C) (20 ug/ml). GFP expression by infected cells was visualized by
fluorescence microscopy at 24 hpi and quantified using a fluorescence modulator at 12 and 24 hpi. (H) Virus titers were determined by plaque assay. (I) IFN-3
and IL-6 levels in the cell supernatants were measured by ELISA. The data are expressed as means and SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001 (Student’s
t test). The data are representative of the results of at least two independent experiments.

bent assay (ELISA). Rubicon knockdown led to increased levels of IFN-B8 and IL-6 upon
infection with PR8-GFP or VSV-GFP (Fig. 1C). In addition, control and Rubicon knock-
down RAW 264.7 cells were exposed to poly(I-C) (a TLR3 ligand) and 5'-triphosphate
double-stranded RNA (5'ppp-dsRNA) (a RIG-I ligand), and IFN-B and IL-6 secretion was
measured by ELISA. As shown in Fig. 1C, Rubicon knockdown cells produced signifi-
cantly more IFN-B and IL-6 upon exposure to 5 ppp-dsRNA and poly(l-C) than control
cells. Moreover, to investigate the role of Rubicon in antiviral responses by primary
mouse bone marrow-derived macrophages (BMDMs), we isolated BMDMs from the
femurs and tibiae of C57BL/6 mice, transfected them with scrambled small interfering
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RNA (siRNA) or siRNA which specifically interferes with Rubicon expression, and then
confirmed the knockdown of Rubicon expression (Fig. 1D). The cells were then infected
with PR8-GFP or VSV-GFP, and the virus titer and IFN-$ and IL-6 levels were measured.
Knockdown of Rubicon significantly inhibited viral replication and increased IFN-B and
IL-6 production (Fig. 1E and F). These results demonstrate that Rubicon negatively
regulates virus-induced IFN- production in RAW264.7 cells, as well as primary immune
cells. To examine potential cell-type-specific differences in Rubicon function, we next
assessed the role of Rubicon in HEK293T cells after stimulation of type | IFN signaling.
Rubicon knockdown HEK293T cells obtained by transfection of Rubicon-specific siRNA
showed lower Rubicon expression levels than control cells (Fig. 1G). Rubicon knock-
down HEK293T cells were then infected with PR8-GFP. Knockdown of Rubicon led to a
significant reduction in viral replication and increased production of IFN-B and IL-6 (Fig.
1H and I). Rubicon knockdown also reduced poly(l-C)-induced production of IFN-3 and
IL-6 in HEK293T cells (Fig. 11). Taken together, these results suggest that, irrespective of
cell type, knockdown of Rubicon inhibits virus replication by increasing type | IFN
secretion.

Overexpression of Rubicon inhibits type | IFN secretion and increases viral repli-
cation. To investigate and compare the effects of Rubicon overexpression and knock-
down on type | IFN-3 signaling, we next constructed a stable Rubicon-overexpressing
RAW264.7 cell line by transfecting cells with a Rubicon-Flag expression plasmid,
followed by selection with puromycin. Overexpression of Rubicon was then confirmed
by immunoblotting with an anti-Flag antibody (Fig. 2A). After infection with PR8-GFP
and VSV-GFP, the GFP expression level and the titer were measured. Rubicon-
overexpressing RAW264.7 cells expressed markedly higher levels of GFP expression and
showed a higher virus titer than control cells (Fig. 2B). As shown in Fig. 2C, overex-
pression of Rubicon suppressed secretion of IFN-B and IL-6 upon stimulation by
PR8-GFP, VSV-GFP, poly(l-C), and 5’ppp-dsRNA. Additionally, we prepared Rubicon-
overexpressing HEK293T cells and examined Rubicon expression by immunoblotting
(Fig. 2D). Replication of PR8-GFP was much higher in Rubicon-overexpressing HEK293T
cells than in control HEK293 cells (Fig. 2E), and IFN-B and IL-6 secretion was suppressed
in Rubicon-overexpressing RAW264.7 cells upon PR8-GFP infection or poly(l-C) treat-
ment (Fig. 2F). Taken together, these results suggest that overexpression of Rubicon
inhibits type | IFN secretion and increases viral replication, which is in agreement with
the results shown in Fig. 1.

Rubicon inhibits type I IFN signaling and transcription of IFN-related genes. To
examine whether Rubicon affects the type | IFN signaling pathway, we confirmed
phosphorylation of molecules (p65, STAT1, ERK, and p38) involved in signaling cascades
triggered by virus infection. RAW264.7 cells were infected with PR8-GFP and collected
at 0, 2, 4, 8, and 16 hpi for immunoblotting. First, we examined the phosphorylation
levels of the indicated proteins in control and Rubicon knockdown RAW264.7 cells after
PR8-GFP infection. Phosphorylation in Rubicon knockdown RAW264.7 cells was initi-
ated more quickly and strongly than in control cells, and these differences became
more distinct over time (i.e., greater at 8 or 16 hpi) (Fig. 3A). The phosphorylation levels
in Rubicon-overexpressing RAW264.7 cells were lower than those in control cells. (Fig.
3B). These results suggest that Rubicon inhibits signal transduction of the type | IFN
signaling pathway. We also examined the mRNA expression levels of IFN (IFN-B and
IFN-«) and IFN-related (PKR, OAS, GBP1, MX1, PML, ISG-15, ISG-20, p56, and IL-6) genes
to determine whether the inhibitory effect of Rubicon on type | IFN signaling influences
the transcription levels of these genes (Fig. 3C). We isolated mRNA from control and
Rubicon knockdown RAW 264.7 cells at 16 hpi with PR8-GFP. Expression of mRNA-
encoding IFN and IFN-related genes was higher in Rubicon knockdown RAW264.7 cells
than in control cells. Collectively, these results indicate that suppressed and enhanced
antiviral responses were related to overexpression and knockdown of Rubicon, respec-
tively. This in turn means that Rubicon acts as a negative regulator of the type I IFN
signaling pathway and inhibits transcription of IFN and IFN-related genes.
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FIG 2 Overexpression of Rubicon inhibits antiviral responses. (A) Overexpression of Rubicon was confirmed by immunoblotting of RAW264.7 cells stably
transfected with an IRES vector (lane 1; RAW-Control) or Rubicon-Flag (lane 2; RAW-Rubicon). B-Actin was used to confirm equal loading of proteins. (B and
C) RAW-Control and RAW-Rubicon cells were infected with PR8-GFP (MOl = 3) or VSV-GFP (MOl = 1) or treated with poly(I-C) (20 ug/ml) or 5'ppp-dsRNA (1
ng/ml). Virus replication was examined at 24 hpi by measuring GFP expression levels using fluorescence microscopy and quantified at 12 and 24 hpi using a
fluorescence modulator. (B) Virus titers were determined by plaque assay. (C) IFN-B and IL-6 in cell culture supernatants were measured by ELISA at 12 and 24
hpi. (D) Overexpression of Rubicon was confirmed by immunoblotting of HEK293T cells transfected with an IRES vector (lane 1; 293T-Control) or Rubicon-Flag
(lane 2; 293T-Rubicon). B-Actin was used to confirm equal loading of proteins. (E and F) 293T-Control and 293T-Rubicon cells were infected with PR8-GFP (MOl =
1) or treated with poly(I-C) (20 ng/ml). GFP expression by infected cells was visualized by fluorescence microscopy at 24 hpi and quantified using a fluorescence
modulator at 12 and 24 hpi. (E) Virus titers were determined by plaque assay. (F) Levels of IFN-B and IL-6 in the supernatants were measured by ELISA. The
data are expressed as means and SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001 (Student's t test). The data are representative of the results of at least two

independent experiments.

Rubicon inhibits IRF3-mediated IFN-f3 promoter activity. To examine how Rubi-
con affects IFN-B promoter activation, luciferase assays were performed by stimulating
type | IFN signaling with several stimulants and proteins (Fig. 4). First, we transfected
cells with an IFN-B luciferase reporter plasmid and with increasing amounts of Rubicon
plasmid and stimulated them with PR8-GFP or poly(l-C). The luciferase assays revealed
that Rubicon inhibited PR8-GFP- and poly(l-C)-mediated IFN-B promoter activity in a
dose-dependent manner. Next, to check whether Rubicon affects RIG-I- and TLR3-
mediated type | IFN signaling, we induced type | IFN signaling of cells by overexpres-
sion of RIG-l, MDAS5, mitochondrial antiviral signaling protein (MAVS), and TIR domain-
containing adapter-inducing interferon-B (TRIF). The activity of the IFN-B promoter
(induced by RIG-, MDA5, MAVS, or TRIF) was reduced as Rubicon expression levels
increased. To identify the stage at which Rubicon inhibits type | IFN signaling, we
stimulated type | IFN signaling by overexpression of downstream molecules, tumor
necrosis factor (TNF) receptor-associated factor 3 (TRAF3), and TBK1. We found that
Rubicon decreased TRAF3- and TBKI1-induced IFN-B promoter activity in a dose-
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FIG 3 Rubicon inhibits the type I IFN signaling pathway and suppresses expression of IFN-related genes. (A and B) Control RAW264.7 (RAW-Scramble) and
Rubicon knockdown RAW264.7 (RAW-sh-Rubicon) cells (A) or control RAW264.7 (RAW-Control) and Rubicon-overexpressing RAW264.7 (RAW-Rubicon) cells (B)
were infected with PR8-GFP (MOI = 2). At the indicated times after infection, IRF3, p65, and STAT1 and phosphorylated IRF3, p65, STAT1, p38, and TBK1 in cell
extracts were measured by immunoblotting. B-Actin was used to confirm equal loading of proteins. (C) Total RNAs were extracted from RAW-Scramble and
RAW-sh-Rubicon cells after PR8-GFP (MOl = 3) infection. Expression of the indicated mRNA-encoding genes was analyzed by real time quantitative reverse
transcription-PCR (qRT-PCR) at 0, 4, 8, 12, 16, and 24 hpi (IFN) or at 0 and 16 hpi (IFN-a, PKR, OAS, GBP1, MX1, PML, ISG-15, ISG-20, p56, and IL-6). The data are
expressed as means and SEM and are representative of the results of at least two independent experiments.

dependent manner. In addition, to confirm whether Rubicon regulates type | IFN via
NF-kB signaling, we measured IKKa-, IKKB-, and TRAF6-induced IFN-B promoter activ-
ities. The results showed that Rubicon did not affect NF-kB-mediated IFN- promoter
activity. Therefore, we suggest that Rubicon influences MAVS-mediated type | IFN
signaling and targets molecules downstream of TBK1 to inhibit signal transduction.

Rubicon targets IRF3 upon virus infection. IRF3, a molecule downstream of TBK1,
is a key transcription factor for IFN-B during TLR3/4- and RIG-I-mediated signaling.
Activation of TLR3/4 and RIG-I phosphorylates IRF3, resulting in IRF3 dimerization. The
IRF3 dimer subsequently translocates to the nucleus, where it binds the IFN-B pro-
moter. To examine the effect of Rubicon on IRF3 activation, we first examined IRF3
localization in control and Rubicon-overexpressing HEK293T cells after virus infection.
The cells were transfected with GFP-tagged IRF3, which was then detected by confocal
microscopy, together with overexpressed Rubicon (Fig. 5A). After HIN1 infection of
control HEK293T cells, the percentage of cells containing IRF3 in the nucleus increased
to 80% at 16 hpi (Fig. 5B). In contrast, IRF3 in Rubicon-overexpressing HEK293T cells
colocalized with Rubicon and was retained in the cytoplasm, even at 16 hpi (Fig. 5A),
and only 30% of the cells harbored IRF3 in the nucleus (Fig. 5B).

To further confirm the relationship between Rubicon and IRF3, we examined the
physical interaction between the two molecules. HEK293 cells were cotransfected with
Rubicon-Flag and hemagglutinin (HA)-IRF3 and subsequently subjected to immuno-
precipitation with anti-Flag or anti-HA antibodies, followed by detection of HA-IRF3 or
Rubicon-Flag, respectively (Fig. 5C). In addition, Rubicon-Flag was immunoprecipitated
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FIG 4 Rubicon inhibits IFN-B3 promoter activity induced by virus and IRF3-mediated type | IFN signaling molecules. HEK293 cells were transfected with an IFN-3
reporter plasmid and increasing amounts of a Rubicon plasmid. The cells were then infected with PR8-GFP (MOI = 3) or stimulated with poly(I-C) (20 wg/ml)
at 24 h posttransfection. After another 12 h, luciferase activity was analyzed in a luminometer. To induce luciferase activity with type I IFN signaling molecules,
HEK293T cells were transfected with an IFN-B reporter plasmid and increasing amounts of a Rubicon plasmid, along with overexpression plasmids for RIG-I,
MDAS5, or MAVS, or TRIF, TRAF3, or TBK1 and IKKa, IKKB, or TRAF6. At 24 h posttransfection, luciferase activity was analyzed in a luminometer. The data are

expressed as means and SEM and are representative of the results of at least two independent experiments.

and then detected by immunoblotting with an anti-IRF3 antibody; a band correspond-
ing to IRF3 was detected (Fig. 5D). Moreover, to confirm the specificity of Rubicon-IRF3
binding, cells were cotransfected with Flag-tagged RIG-I, TRIF, TRAF3, or NLRX1 and
with GFP-IRF3 as a negative control. As seen in Fig. 5E, GFP-IRF3 coprecipitated only
with Rubicon-Flag. Therefore, we speculate that Rubicon targets IRF3 to inhibit type |
IFN signal transduction.

Rubicon inhibits dimerization of IRF3 upon virus infection. Control and Rubicon
knockdown RAW264.7 cells were infected with PR8-GFP, and cytoplasmic and nuclear
fractions were obtained; phosphorylated IRF3 was then detected by immunoblotting at
the indicated times (Fig. 6A). Phosphorylation of IRF3 was observed in both the
cytoplasm and nuclear fraction at 8 hpi, and the level increased up to 16 hpi.
Interestingly, the amounts of phosphorylated IRF3 in the cytoplasm of control and
Rubicon knockdown RAW264.7 cells were similar, whereas the amount of phosphory-
lated IRF3 in the nuclear fraction from Rubicon knockdown RAW264.7 cells was
significantly higher than in that from control cells. From these data, we assumed that
Rubicon disrupts the nuclear translocation of IRF3, probably not by inhibiting phos-
phorylation, but by inhibiting dimerization. To confirm exactly whether Rubicon affects
the phosphorylation of IRF3, we next induced phosphorylation of IRF3 by overexpress-
ing TBK1, and Rubicon was overexpressed in a dose-dependent manner. Under these
conditions, we observed that increasing overexpression of Rubicon had no effect on
IRF3 phosphorylation. Then, we examined the inhibitory effect of Rubicon on IRF3
dimerization by transfecting cells with IRF3-5D, a constitutively active phosphomimetic
mutant of IRF3 that can dimerize in the absence of stimulation. As shown in Fig. 6C,
dimerization of IRF3-5D was observed; however, it was reduced as Rubicon expression
increased. To further elucidate the mechanism by which Rubicon inhibits IRF3 dimeriza-
tion, we examined the IRF3 domain responsible for the interaction with Rubicon using
glutathione S-transferase (GST)-tagged IRF3 domain constructs (amino acids [aa] 1 to
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FIG 5 Rubicon binds to IRF3. (A) Control and Rubicon-Flag-overexpressing HEK293T cells were transfected with a GFP-IRF3 plasmid, followed by infection with
H1N1 virus. Rubicon-Flag was then detected by an anti-Flag antibody and labeled with a Cy3-conjugated antibody. At the indicated times after infection, IRF3
and Rubicon were identified as green and red signals, respectively, by confocal microscopy. Nuclei were stained with DAPI (blue). Yellow represents
colocalization and is marked with arrows in the enlarged images on the right. Bars, 10 um. (B) The percentages of cells showing nuclear translocation of IRF3
were calculated by dividing the number of cells exhibiting nuclear expression of GFP-IRF3 by the total number of GFP-positive cells. At least 100 cells were
counted per random field. (C) HEK293 cells were cotransfected with the control vector (IRES-Flag or PCMV-HA) and Rubicon-Flag and HA-IRF3 plasmids. The
cell lysates were subjected to immunoprecipitation with an anti-Flag antibody, followed by immunoblotting with an anti-HA antibody (left). Alternatively, the
cell lysates were immunoprecipitated with an anti-HA antibody, followed by immunoblotting with an anti-Flag antibody (right). WCL were immunoblotted with
anti-Flag and -HA antibodies. (D) Lysates of HEK293T cells transfected with an IRES-Flag vector or with a Rubicon-Flag plasmid were subjected to
immunoprecipitation (IP) with an anti-Flag antibody, followed by immunoblotting with anti-IRF3 or -Flag antibodies. WCL were then immunoblotted with
anti-Flag and -IRF3 antibodies. (E) IRES-Flag, Rubicon-Flag, and Flag-tagged RIG-I, TRIF, TRAF3, and NLRX1 (negative controls) were overexpressed in HEK293
cells, along with GFP-IRF3. The lysates were subjected to immunoprecipitation with an anti-Flag antibody, followed by immunoblotting with an anti-GFP
antibody. WCL were immunoblotted with anti-Flag and -GFP antibodies. The data are expressed as means and SEM. **, P < 0.01; ***, P < 0.001 (Student's t
test). The data are representative of the results of at least two independent experiments.

141 of the DNA-binding domain [DBD], 140 to 400 of the IAD, and 380 to 420 of the
autoinhibition element [AIE]) (Fig. 6D). The results showed that Rubicon interacted with
GST-IAD, but not with GST-DBD and GST-AIE, suggesting that Rubicon inhibits IRF3
dimerization by interacting with the IAD region. Additionally, we performed a compe-
tition assay by coexpressing GST-IRF3 and HA-IRF3 proteins in HEK293T cells, along with
increasing amounts of Rubicon-Flag (Fig. 6E). A GST pulldown assay showed that the
levels of GST-IRF3 and HA-IRF3 homodimers fell as Rubicon expression increased,
whereas the interaction between GST-IRF3 and Rubicon-Flag increased in a dose-
dependent manner. Based on this finding, we examined the time course of endoge-
nous IRF3 dimerization after PR8-GFP infection of Rubicon knockdown and -over-
expressing cells (Fig. 6F and G). IRF3 dimerization in Rubicon knockdown RAW 264.7
cells was higher than that in control RAW 264.7 cells, especially at 8 and 16 dpi. Also,
overexpression of Rubicon in HEK293T and RAW 264.7 cells almost completely blocked
IRF3 dimerization. Additionally, to confirm whether Rubicon also inhibits dimerization
of IRF3/IRF7 (heterodimer), competition assays were performed by coexpressing GST-
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FIG 6 Rubicon inhibits dimerization of IRF3. (A) Control (Scramble) and Rubicon knockdown (sh-Rubicon) RAW264.7 cells were infected with PR8-GFP (MOl =
2) and harvested at the indicated times (0, 2, 4, 8, and 16 hpi). Cytoplasmic and nuclear extracts were then subjected to immunoblotting with anti-phospho-IRF3
and -IRF3 antibodies. B-Actin and lamin B1 were used to confirm equal loading of proteins. (B) TBK1-Flag and HA-IRF3 were coexpressed, along with increasing
levels of Rubicon-Myc, in HEK293T cells. The lysates were then subjected to immunoblotting with anti-phospho-IRF3, -HA, -Flag, and -Myc antibodies. (C) An
HA-tagged active phosphomimetic mutant of IRF3 (HA-IRF3-5D) and increasing levels of Rubicon-Flag were overexpressed in HEK293T cells. The cell lysates
were then resolved in native polyacrylamide gels, and both monomeric and dimeric forms of IRF3-5D were detected using an anti-HA antibody. Rubicon-Flag
was detected by immunoblotting with an anti-Flag antibody. (D) Schematic representation of GST-IRF3 constructs comprising amino acids 1 to 140 (containing
the DBD), amino acids 140 to 400 (containing the IAD), and amino acids 380 to 427 (containing the AIE). HEK293T cells were transfected with the indicated
GST-IRF3 constructs and Rubicon-Flag plasmids. GST pulldown (PD) was then conducted, followed by immunoblotting with an anti-Flag antibody. WCL were
immunoblotted with anti-GST and -Flag antibodies. (E) Control vector (GST), HA-IRF3, or GST-IRF3 was coexpressed with increasing levels of Rubicon-Flag in
HEK293T cells. Immunoprecipitation of GST-IRF3 from the cell lysates was conducted in a GST pulldown assay, followed by immunoblotting with anti-HA and
-Flag antibodies. WCL were immunoblotted with anti-HA, -Flag, and -GST antibodies. (F and G) Together with control cells (Scramble and Control), Rubicon
knockdown RAW264.7 cells (sh-Rubicon) or Rubicon-overexpressing HEK293T and RAW264.7 cells (Rubicon) were infected with PR8-GFP. At the indicated times
(0, 4, 8, and 16 hpi), cells were harvested and subjected to native polyacrylamide gel electrophoresis to detect monomeric and dimeric forms of IRF3, followed
by immunoblotting with an anti-IRF3 antibody. B-Actin was used to confirm equal loading of proteins. (H) Control vector (GST), GFP-IRF7, and GST-IRF3 were
coexpressed with increasing levels of Rubicon-Flag in HEK293T cells. Immunoprecipitation of GST-IRF3 from the cell lysates was conducted in a GST pulldown
assay, followed by immunoblotting with anti-GFP and -Flag antibodies. WCL were immunoblotted with anti-GFP, -Flag, and -GST antibodies. (I) Cell lysates of
HEK293T cells that were overexpressed with control vector (IRES-Flag), Rubicon-Flag, and GFP-IRF7 were subjected to immunoprecipitation with an anti-Flag
antibody, followed by immunoblotting with an anti-GFP antibody. WCL were immunoblotted with anti-Flag and -GFP antibodies. (J) HEK293T cells were
cotransfected with control vector (PCMV-GFP), GFP-IRF7, HA-IRF3, and increasing doses of Rubicon-Flag plasmids. IRF7-binding proteins were detected by
immunoprecipitation with anti-GFP antibody, followed by immunoblotting with anti-HA and anti-Flag. WCL were immunoblotted with anti-HA, anti-Flag, and
anti-GFP antibodies.

IRF3 and GFP-IRF7 proteins, along with increasing amounts of Rubicon-Flag. We
observed that the amount of binding of IRF3 and IRF7 was reduced as Rubicon
increasingly bound with IRF3 in a dose-dependent manner (Fig. 6H). To further confirm
whether Rubicon has the ability to target IRF7, binding between Rubicon and IRF7 was
investigated by overexpressing Rubicon-Flag and GFP-IRF7. Immunoprecipitation was
conducted with Flag antibody, followed by immunoblotting with GFP antibody, and we
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confirmed that Rubicon binds to IRF7 (Fig. 6l). Moreover, we observed that Rubicon
inhibits IRF3/IRF7 dimerization by binding to IRF7 (Fig. 6J). Collectively, these data
suggest that Rubicon inhibits IRF3/IRF3 homodimerization and IRF3/IRF7 heterodimeriza-
tion by binding to the IAD region of IRF3. Furthermore, Rubicon inhibits IRF3/IRF7 dimeriza-
tion by binding to IRF7, and there is a possibility that Rubicon can target IRF7 to inhibit IRF7
homodimerization.

DISCUSSION

Rubicon engages the Beclin-1/Vps34-PI3K/UVRAG complex and inhibits the fusion of
endosomes and autophagosomes with lysosomes (29, 30). It is a multidomain adaptor
protein that assembles different protein complexes in macrophages under normal and
PRR-activated conditions. These complexes govern diverse host immune response
pathways that impact the ability to control different pathogen classes, such as bacteria,
viruses, and fungi. Upon microbial infection or TLR activation, Rubicon interacts with
p22phox of the NADPH oxidase complex to positively regulate its assembly, thereby
generating superoxide and controlling bacterial pathogens (31). Furthermore, Dectin-
1-mediated activation of Rubicon upon viral and fungal infection leads to negative
regulation of the CARD9/Bcl10-MALT-1 complex and downstream inflammatory cyto-
kine production (32).

Here, we report that Rubicon is a potent negative regulator of the virus-mediated
type | IFN signaling pathway. First, knockdown of endogenous Rubicon in immune cells
or epithelial cells promoted virus-induced IFN-B and proinflammatory cytokine secre-
tion and inhibited viral replication. Second, overexpression of Rubicon decreased
RIG-I-like receptor (RLR)-mediated antiviral responses against virus infection. Third,
Rubicon interacts with IRF3, and the IAD of IRF3 is responsible for the interaction
between Rubicon and IRF3. Finally, this interaction leads to inhibition of the dimeriza-
tion of IRF3 and blocks the translocation of IRF3 into the nucleus. Taken together, these
findings indicate the novel additional role of Rubicon as a negative regulator that
inhibits the IFN signaling and cellular antiviral responses.

Virus infection triggers innate immune responses that lead to the induction of type
I IFNs and other cytokines to inhibit viral replication and spreading. Specifically, type |
IFNs are responsible for the inhibition of viral replication, clearance of virus-infected
cells, and induction of adaptive immune responses (1-6). However, uncontrolled
immune responses via excessive production of type | IFNs have a detrimental effect on
the host (19, 33). Therefore, the host innate immune system has diverse molecular
strategies to control the proper production of type | IFNs.

IRF3 is a critical transcription factor that regulates type | IFN production in response
to invasion by pathogens (9-12). IRF3 is located in the cytoplasm of unstimulated cells
and is phosphorylated by TBK1 and IKKe (at Ser/Thr residues on amino acids 396 to 405)
upon viral infection (13, 14). Phosphorylation of IRF3 induces conformational changes
that expose the DBD and IAD regions via disassociation of the C-terminal autoinhibition
domain; IRF3 then forms homodimers via the IAD region (15-18). IRF3 dimers translo-
cate to the nucleus and bind to the IFN stimulation response element and PRDI/PRDIII-
containing promoters to induce transcription of the sequence of genes, including the
IFN-B gene (34).

During the type | IFN signaling process, IRF3 is regulated by cellular molecules, such
as Pin 1, Ro52, Cullin-based ubiquitin ligases, RBCK1, and RAUL (which induce proteo-
somal degradation of IRF3) (23-27) and by PP2A and RACK1 (which dephosphorylate
IRF3) (28) to control excessive production of type | IFNs. On the other hand, viruses can
also inhibit IRF3 activation to defend themselves against host type | IFN responses. For
example, severe acute respiratory syndrome (SARS) coronavirus PLpro interacts with
IRF3 to prevent its phosphorylation, while bovine herpesvirus bICPO, rotavirus NSP1,
and classical swine fever virus Npro target IRF3 for proteasomal degradation (35-38).
Specifically, Theiler’s virus L protein and Epstein-Barr virus LF2 inhibit dimerization of
IRF3 and IRF7, respectively (39, 40).

In this study, we found that the novel cellular mechanism of IRF3 inhibition is unlike
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previously reported cellular molecules that inhibit IRF3 activation via proteasomal
degradation or dephosphorylation of IRF3.

After evaluation of antiviral phenotypes by Rubicon expression, we hypothesized
that Rubicon targets IRF3 to inhibit type | IFN signaling, since Rubicon did not affect
IFN-B luciferase activity mediated by molecules upstream of IRF3 (i.e., RIG-I to TBK1)
(Fig. 4). Also, binding assays revealed that IRF3 binds to Rubicon (Fig. 5C to E).
Importantly, after virus infection, we observed that IRF3 was retained in the cytoplasm
of Rubicon-overexpressing cells. Moreover, the amount of phosphorylated IRF3 that
translocated to the nucleus in Rubicon knockdown cells was significantly higher than
that in control cells (Fig. 5A and B). Therefore, we postulated that two mechanisms,
inhibition of IRF3 phosphorylation and dimerization of IRF3, may be responsible for the
inhibition of IRF3 by Rubicon. Ultimately, we found that Rubicon did not affect the
phosphorylation of IRF3; however, it did inhibit dimerization. Rubicon had no effect on
TBK1-mediated phosphorylation of IRF3, as the levels of phosphorylated IRF3 in the
cytoplasm of control and Rubicon knockdown cells were similar (Fig. 6A and B).
However, Rubicon competitively binds to the IAD region of IRF3, and this binding leads
to inhibition of the dimerization of IRF3 (Fig. 6D and E). Furthermore, Rubicon inhibits
dimerization of IRF3-5D, which mimics the C-terminal phosphorylated serine of active
IRF3 by mutating five C-terminal serine residues to aspartic acid (Fig. 6C). These results
were confirmed by observation of higher and lower dimer-IRF3 levels in Rubicon
knockdown and -overexpressing cells, respectively, after virus infection (Fig. 6F and G).
Moreover, IRF3/IRF7 dimerization was also inhibited by Rubicon via binding to IRF3 (Fig.
6H). IRF7 is highly homologous with IRF3 and is also known as a key regulator of
type | IFN gene expression upon virus infection, which undergoes phosphorylation,
dimerization, and nuclear translocation, similar to IRF3 (12, 41, 42). Here, we confirmed
that Rubicon can bind to IRF7 (Fig. 6l). Furthermore, Rubicon inhibits IRF3/IRF7
dimerization by binding to IRF7 (Fig. 6J). Based on these data and the well-known fact
that the IADs of IRF3 and IRF7 are both highly conserved (15, 18, 43), we could
anticipate that Rubicon might target the IAD of IRF7 to inhibit dimerization of IRF7, as
with IRF3.

Collectively, these results indicate a novel role for Rubicon during antiviral immune
responses; Rubicon acts as a negative regulator of type I IFN signaling by inhibiting the
dimerization and nuclear translocation of IRF3. Unlike previously reported cellular
molecules that regulate proteasomal degradation and dephosphorylation of IRF3, we
identified the novel cellular molecule that inhibits dimerization of IRF3 or IRF3/IRF7,
which could contribute to our understanding of negative regulatory mechanisms
acting on the type | IFN pathway to maintain cellular homeostasis.

MATERIALS AND METHODS

Cell culture. Mouse leukemic monocyte macrophage (Raw264.7) and human embryonic kidney 293
(HEK293T) cell lines were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) supplemented
with 10% heat-inactivated fetal bovine serum (FBS) (Gibco-BRL Life Technologies) and 1% antibiotic-
antimycotic (Gibco) (10% FBS DMEM) under 37°C and 5% CO, conditioned incubation. The BMDMs were
isolated from femurs and tibias of C57BL/6 mice (4 to 6 weeks of age) aseptically. After removing the
muscles, the bone marrow was obtained by flushing the bone with DMEM using a syringe connected to
a 26G X 1/2 (0.45-mm-diameter) needle at least 3 times. The red blood cells in the bone marrow were
lysed with ammonium-chloride-potassium (ACK) lysis buffer (Gibco), and the cell pellets were collected
after centrifugation. The bone marrow was differentiated into BMDMs with 10% FBS DMEM and 10 ng/ml
granulocyte-macrophage colony-stimulating factor (GM-CSF) for 5 days. All animal experiments were
managed in strict accordance with the Guide for the Care and Use of Laboratory Animals (45) and
performed in BSL-2 laboratory facilities with the approval of the Institutional Animal Care and Use
Committee of Chungnam National University (reference number CNU-00766).

Plasmids. Rubicon tagged with Flag- and Myc-expressing plasmids (pIRES-Rubcion-Flag and pIRES-
Rubicon-Myc) were cloned into the pIRES-Flag and pIRES-Myc vectors by inserting the complete Rubicon
open reading frame (ORF). Full-length IRF3 inserted into the pCMV-HA vector and GFP-tagged IRF3
plasmid was kindly donated by Jae U. Jung (Department of Molecular Microbiology and Immunology,
University of Southern California). Full-length GST-tagged IRF3 (427 aa) and 3 fragments (aa 1 to 140, 140
to 400, and 380 to 420) were constructed by cloning into the pEBG vector. Flag-tagged RIG-I, TRIF, TRAF3,
NLRX1, and TBK1 were generated by insertion of full-length cDNA into the pIRES-Flag vector. Full-length
IRF7 was inserted into the pCMV-GFP vector.
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Lentiviral shRNA. The pGIPZ lentiviral vector containing Rubicon-specific ShRNA (pGIPZ-shRubicon)
was purchased from Open Biosystems. To produce lentiviruses, pGIPZ-shRubicon and packaging plas-
mids (psPAX2 and pMD2.VSV-G, purchased from Addgene) were transfected into HEK293T cells using
Lipofectamine 2000. After 72 h, virus-containing supernatants were collected and used to infect
RAW264.7 cells with 8 ug/ml Polybrene (Sigma) after filtration (0.45-um filter; Millipore). This lentivirus
has the ability to express GFP in infected cells. Every 2 days after the transduction process (12 h), medium
was replaced with puromycin-containing medium to select resistant cells that contained Rubicon-specific
shRNA. Similarly, lentiviruses containing a control vector (pGIPZ) were infected, and control RAW264.7
cells were selected with puromycin.

siRNA experiments. To knock down Rubicon gene expression, siRNA oligonucleotides targeting
Rubicon (siRubicon-sense, 5'-CUCAGAGUAACAGGACCUU-3’, and siRubicon-antisense, 5'-AAGGUCCUGU
UACUCUGAG-3’) were transfected into BMDMs using Lipofectamine RNAiMax (Invitrogen).

Generation of stable cell lines. To generate stable overexpressing cell lines, Raw264.7 and HEK293T
cells were transfected with the pIRES-Flag vector or pIRES-Rubicon-Flag with Lipofectamine 2000
(Invitrogen). The cells were cultured with 10% FBS DMEM containing 2 pg/ml puromycin (Gibco) for 2
weeks to select Flag or Rubicon-Flag stably expressing cells.

Virus infection and stimulant transfection. To infect cells with VSV-GFP and PR8-GFP, 10% FBS
DMEM was replaced with DMEM supplemented with 1% FBS and 1% antibiotic-antimycotic (Gibco) (1%
FBS DMEM) and infected virus at different multiplicities of infection (MOls). After 2 h of incubation,
extracellular virus was removed and replaced with 10% FBS DMEM. To stimulate cells with poly(l-C)
(Invivogen) or 5'ppp-dsRNA (InvivoGen), poly(l-C) was transfected with Lipofectamine 2000 into HEK293T
cells or used to treat Raw264.7 cells without transfection, and 5’ ppp-dsRNA was transfected into both cell
lines with Lipofectamine RNAiMax.

Virus titer determination. Supernatants of growing cells or freeze-thawed cells were used for
titration of VSV-GFP or PR8-GFP, respectively. The supernatants were serially 10-fold diluted and
inoculated into Cercopithecus aethiops epithelial kidney (Vero) cells with medium containing 1% FBS.
After 2 h at 37°C, the medium was replaced with DMEM containing 0.1% agarose (Sigma). After 48 h of
incubation at 37°C and 5% CO,, the cells were stained with crystal violet to visualize plaques. Virus titers
were determined by calculation using the number of plaques and the dilution factor. GFP expression
levels were visualized under a fluorescence microscope (X200 magnification) and digitized using a
fluorescence modulator (GloMax-Multi detection system; Promega).

ELISA. After stimulation of the cells, cytokine production levels were analyzed using cell supernatants
collected at the indicated times. Commercial kits were used to detect mouse IFN-B (PBL interferon
source), mouse IL-6 (BD Biosciences), human IFN-B (PBL interferon source), and human IL-6 (BD
Biosciences) in the collected supernatants according to the manufacturer’s protocol.

Immunoblot analysis. For immunoblot analysis, cell lysates or immunoprecipitated beads were
mixed with 2X sample buffer (Sigma), and samples were loaded onto SDS-PAGE and separated by
molecular weight. Proteins on the SDS-PAGE were transferred onto polyvinylidene difluoride (PVDF)
membranes (Bio-Rad) using a Trans-Blot semidry transfer cell (Bio-Rad). The membranes were blocked
with Tris-buffered saline containing 0.05% Tween 20 (TBST) and 5% bovine serum albumin (BSA) for 1 h
and incubated with target antibodies overnight at 4°C. To detect target proteins, the membranes were
washed with phosphate-buffered saline containing 0.05% Tween 20 (PBST) or TBST and incubated with
a 1:3,000 dilution of horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 h, and the HRP
on the membranes was developed with Western blotting detection reagents (GE Healthcare; ECL Select
Western blotting detection reagent) and visualized using an ImageQuant LAS 4000 (GE Healthcare).

mRNA expression analysis by real time quantitative reverse transcription-PCR (qRT-PCR). Total
RNA was isolated from cells and tissues using an RNeasy minikit (Qiagen), and cDNA was synthesized
using a ReverTra Ace kit (Toyobo). The quantification of selected mRNA transcripts in a particular cDNA
was performed using gene-specific primer pairs (44) from a QuantiTect SYBR green PCR kit (Qiagen), and
reactions were conducted on a Rotor-Gene Q (Qiagen) instrument. Relative mRNA expression levels of
those genes were calculated using the AAC; method after normalizing each gene with GAPDH
(glyceraldehyde-3-phosphate dehydrogenase).

Luciferase reporter assays. HEK293 cells were transfected with IFN-B and thymidine kinase
promoter-renilla (TK-Renilla) luciferase reporter plasmids using Lipofectamine 2000. To stimulate IFN-B
promoter luciferase, plasmids carrying the RIG-, MDA5, MAVS, TRIF, TRAF3, TBK1, IKK«, IKKB, or TRAF6
gene were transfected together with luciferase reporter plasmids, or PR8-GFP infection and poly(l-C)
transfection were conducted at 12 h posttransfection. At 12 h after stimulation, the cells were washed
with PBS, lysed with 1X passive lysis buffer (Promega), and assayed for dual-luciferase activity with lysate
using a dual-luciferase assay reagent kit (Promega; E1980) according to the manufacturer’s instructions.
Luciferin buffers and stop solution were added to the lysate, and relative light units were measured on
a luminometer (Promega). All firefly luciferase values were normalized to renilla luciferase to control for
transfection efficiency.

Immunofluorescence and confocal analysis. To confirm the nuclear translocation of IRF3, IRF3-GFP
plasmids were transfected into normal or Rubicon-Flag-overexpressing HEK293T cells in collagen-coated
chamber slides (LabTek; Nunc). At 24 h posttransfection, the cells were infected with HIN1 for the
indicated times. The cells were fixed with 4% paraformaldehyde for 20 min and permeabilized by —20°C
incubation with 100% methanol for 20 min. The fixed cells were blocked with 2% FBS diluted in PBS for
1 h, and Rubicon-Flag was detected through incubation with the primary Flag antibody (Cell Signaling;
8146; diluted 1:100 in 2% BSA) for 12 h at 4°C. After 3 washes with PBST, the cells were incubated with
the secondary Cy3-conjugated donkey anti-mouse IgG antibody (Jackson Laboratory; 715-165-150;
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diluted 1:100 in 2% BSA) for 1 h at room temperature and washed three times PBST, followed by 10 min
of incubation with 1 ug/ml DAPI (4',6-diamidino-2-phenylindole) (Sigma) containing 0.01% RNase A. The
chamber slides were mounted with mounting solution (Vector), and the locations of IRF3-GFP and
Rubicon-Flag were confirmed under fluorescence microscopy. Images were captured using a Nikon C2
Plus confocal microscope (Nikon), consisting of a Nikon Eclipse Ti inverted microscope with a confocal
scanning system (Nikon) in conjunction with a C-HGFIE precentered fiber illuminator (Nikon). Fluorescein
isothiocyanate (FITC) and tetramethyl rhodamine isocyanate (TRITC) fluorescence was detected using the
488-nm and 561-nm laser lines of a Sapphire driver unit (Coherent), respectively, and DAPI fluorescence
was detected using the 405-nm laser line of a Cube laser system (Coherent). The image data were
analyzed using NIS Elements microscope imaging software (Nikon).

GST pulldown and immunoprecipitation. Cells were harvested at 48 h posttransfection of target

plasmids, and whole-cell lysates (WCL) were obtained after lysis with protease inhibitor cocktail- and
phosphatase inhibitor cocktail (Sigma)-containing radioimmunoprecipitation assay (RIPA) lysis buffer (50
mM Tris-HCI, 150 mM NaCl, 0.5% sodium deoxycholate, 1% IGEPAL, 1 mM NaF, 1 mM Na,VO,) and
sonication with a sonicator (Sonics). The WCL were precleared with Sepharose 6B (GE Healthcare Life
Science) at 4°C for 2 h. After preclearing, for GST pulldown, the WCL were incubated with a 50% slurry
of glutathione-conjugated Sepharose (GST) beads (Amersham Biosciences) for 12 h or, for immunopre-
cipitation of HA or Flag protein, incubated with HA or Flag antibody (1.0 wg/ml) for 12 h and then
incubated with Protein A/G Plus agarose beads (Santa Cruz) for 4 h. The immunoprecipitated beads
collected after centrifugation were washed with lysis buffer under different washing conditions.

IRF3 dimerization assay. Cells were lysed with RIPA lysis buffer supplemented with protease

inhibitor cocktail and phosphatase inhibitor cocktail. The lysates were electrophoresed on an 8%
Tris-glycine gel (Invitrogen) in Tris-glycine native running buffer (25 mM Tris, pH 8.3, 192 mM glycine),
and monomeric and dimerized IRF3 proteins were detected by immunoblot analysis.

Antibodies. The antibodies used in this study were as follows: anti-GST (Santa Cruz; SC-138), anti-Flag

(Cell Signaling; 8146), anti-HA (Covance; 16B12), anti-Rubicon (Abcam; ab92388), anti-IRF3 (Abcam;
ab25950), anti-NF-«B p65 (Cell Signaling; 4764), anti-phospho-NF-«B p65 (Ser536) (Cell Signaling; 3031),
anti-STAT1 (Cell Signaling; 9175), anti-phospho-STAT1 (Cell Signaling; 9167), anti-phospho-ERK (Cell
Signaling; 9101S), anti-phospho-p38 (Cell Signaling; 9216), anti-B-actin (Santa Cruz; SC-7199), and
anti-lamin B1 (Santa Cruz; SC-20682).

Statistical analysis. Statistical analysis was performed using GraphPad Prism version 6 for Windows

(GraphPad Software). All the data were from at least two independent experiments, and the data are
shown as means and standard errors of the mean (SEM). The mean values of the results of all the
experiments were compared by Student’s t test. Comparisons between multiple time points were
analyzed by one-way analysis of variance (ANOVA). In all experiments, P values of less than 0.05 were
considered statistically significant.
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