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Figure 3. The expressions of NKG2D and NKG2A on FGF-2-treated NK cells and the expressions of MICA and HLA class | on FGF-2-treated
hepatoma cells. (g@) The expressions of NKG2D or NKG2A on FGF-2-treated or nontreated NK cells were evaluated. NK cells obtained from
healthy volunteers (2 x 10° cells/well) were cultured with or without FGF-2 protein (250 ng/ml) for 24 hr, and the expressions of NKG2D
and NKGZA on NK cells were evaluated by flow cytometry. Representative results were shown. (b,¢) HCC cells (B: HepG2 and PLC/PRF/5) or
normal hepatocytes (¢} were treated with 250 ng/ml FGF-2 or control medium for 48 hr and subjected to flow cytometric analysis of MICA
and HLA class t surface expression. Black line histograms: MICA or HLA class | staining of nontreated cells; gray line histograms: MICA or
HLA class | staining of FGF-2-treated cells; shaded/black histograms: control IgG isotype Ab staining of each molecule. (b) Lower panel,
mRNA levels of MICA in FGF-2-treated or nontreated HCC cells were examined by real-time PCR. Representative data are shown. Similar
results were obtained from two independent experiments. * p < 0.05.
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Figure 4. The expressions of FGF receptors on hepatoma cells. (@)
The expressions of FGF receptors (FGFR1, FGFR2, and FGFR3) on
both HepG2 and PLC/PRF/5 cells were evaluated by flow
cytometry. Black line histograms: staining of each FGF receptors
(FGFR1, FGFR2, FGFR3), shaded/black histograms: control isotype
Ab staining of each molecule. (b) To confirm that adding of FGF-2
protein resulted in modifying the expressions of MICA and HLA
class | .on both HCC cells, the expressions of both molecules on
FGF-2- (250 ng/ml) treated HCC cells with anti-FGFR2 neutralizing
Ab (10 pg/ml) or isotype control Ab (murine isotype control IgG 10
ug/ml) were evaluated by flow cytometry. FGF-2+anti-FGFR2 Ab,
the expression of MICA or HLA class | on FGF-2-treated HCC cells
with anti-FGFR2 neutralizing Ab. FGF-2-+isotype Ab, the expression
of MICA or HLA class | on FGF-2-treated HCC cells with isotype
control Ab. shaded/black histograms: control isotype Ab staining
of each molecule. Representative results were shown. Similar
results were obtained in three independent experiments.

increased expression of membrane-bound MICA. We next
examined the correlation of serum FGF-2 and soluble MICA
in patients with chronic liver disease. Serum FGF-2 levels in
patients with chronic liver disease correlated with soluble
MICA levels (Fig. 5¢). These results suggested that high FGF-
2 levels in patients with chronic liver disease may prevent the
shedding of MICA in liver tissues.
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Figure 5. The cytolytic activity against FGF-2-treated HCC cells and
the correlation between serum FGF-2 and soluble MICA in patients
with chronic liver disease. (g,b) Both HepG2 and PLC/PRF/5 cells
were cultured with or without FGF-2 protein (250 ng/mD for 48 hr,
and the cytolytic activities of NK cells against FGF-2-treated HepG2
and PLC/PRF/5 cells or nontreated HCC cells were evaluated by
1Cr-release assay. Nontreated HCC cells (@) or FGF-2-treated HCC
cells without (B) or with blocking Ab of MICA/B (6D4) (a, A) or
isotype 1gG Ab (b, @). Representative results are shown. Similar
results were obtained from three independent experiments. (c)
Correlation of serum FGF-2 levels and soluble MICA levels in
patients with chronic liver disease (chronic hepatitis patients, N =
80, liver cirrhosis patients, N = 84 and HCC patients, N = 112).
The serum FGF-2 and soluble MICA were evaluated by specific
ELISA respectively.

Discussion

The FGF-2 levels in chronic liver disease, a premalignant
condition, have not been well studied. Uematsu et al.
reported that the serum FGF-2 levels of patients with LC or
HCC were significantly higher than those of HVs, and serum
FGF-2 levels of HCC patients tended to be lower than those
of LC patients without HCCS In contrast, Jinno et al.
reported that the circulating FGF-2 levels in HCC patients
were significantly higher than those in CH and LC patients.'®
In the present study, we analyzed the serum FGF-2 levels on
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a larger scale for patients with chronic liver disease. Consist-
ent with Uematsu’s report, the serum FGF-2 levels signifi-
cantly decreased along the progression of chronic liver dis-
ease and those in HCC patients were significantly lower than
those in CH or LC patients. These results suggested that
decreasing FGF-2 levels might be associated with the occur-
rence of HCC during the progression of chronic liver disease.
FGF-2 has been shown to act as a potent angiogenic factor in
a number of cell lines and solid tumors."* As for HCC devel-
opment, FGF-2 has been reported to augment vascular endo-
thelial growth factor (VEGF)-mediated angiogenesis in HCC
development."” However, at present, in contrast to the clear
roles of VEGF in the angiogenesis of HCC, the roles of FGF-
2 in the HCC development are still controversial and should
be elucidated.

Immunohistochemical analysis revealed that hepatocytes
in patients with chronic liver diseases seemed to produce
FGEF-2, but those in healthy donors did not. This suggested
that inflammatory responses in liver tissues might have roles
in the production of FGF-2. Some inflammatory cytokines,
such as IL-1B and IL-6, increased in CH or LC patients,'>*®
Aside from liver cells, IL-6 could induce FGE-2 expressions
in basal cell carcinoma cell line'® or Kaposi’s sarcoma cell
and human umbilical vein endothelial cells."® On the basis of
these reports, we examined the effect of such inflammatory
cytokines on FGF-2 expression in HCC cells and normal he-
patocytes. The FGF-2 expression could be, at least in part,
induced by IL-1B and IL-6. Both IL-1P and IL-6 are pro-
duced mainly by local immune cells, including activated
Kupffer cells.®® Although the detail mechanism of the induc-
tion of FGF-2 expression in HCC cells and normal hepato-
cytes is little known, the production of these cytokines might
contribute to preventing HCC development via promoting
FGF-2 expression in the liver.

Guerra et al. reported that NKG2D-deficient mice are de-
fective in tumor surveillance in models of spontaneous malig-
nancy,'' suggesting that NK-dependent immune-surveillance
might play a critical role in tumor development. However,
the mechanism of tumor surveillance of NK cells remains
unclear in HCC development. We previously demonstrated
that membrane-bound MICA on HCC cells plays essential
roles in the NK‘sensitivity of HCC cells.** We therefore eval-
uated the MICA (activating molecule of NK cells) and HLA
class I (inhibitory molecule of NK cells) on HCC cells treated
with FGF-2. This treatment resulted in increasing MICA
expression and decreasing HLA class I on HCC cells. Con-
sistent with these results, the cytolytic activity of NK cells
against FGF-2-treated HCC cells was higher than that against
nontreated HCC cells. These results suggested that FGF-2
enhanced the NK sensitivity of HCC cells by upregulating
MICA expression and downregulating HLA class I on the
cellular surface. Interestingly, adding FGF-2 did not change
the expressions of MICA and HLA class I on normal hepato-
cytes. These demonstrated that FGF-2 could enhance the NK
sensitivity of HCC cells but not that of normal hepatocytes.
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We also evaluated the expressions of MICA and HLA class I
on -other growth factors (such as VEGF or PDGF)-treated
HCC cells. The expressions of MICA and HLA class I on
VEGF- or PDGF-treated HCC cells were similar to those on
nontreated HCC cells (Tsunematsu H, unpublished data). In
this study, we demonstrated that FGF-2 production from
liver tissues decreased along the progression of chronic liver
disease. FGF-2 production from liver tissues might prevent
the occurrence of HCC by eliminating HCC cell by enhanc-
ing NK sensitivity. If the innate immunity of the liver can be
efficiently activated, preventing the occurrence of HCC could
be expected. We previously demonstrated that anti-HCC
chemotherapy and molecular targeted therapy using sorafenib
resulted in enhancing NK sensitivity of HCC cells via upreg-
ulation of membrane-bound MICA on HCC cells."** These
results suggested the possibility of new routes for chemopre-
vention of HCC, which could improve the prognosis of
chronic liver disease patients. Also, on the basis of our
results, FGF-2 supplementation therapy may be a rational
approach for eliminating HCC cells in the chronic liver
disease.

The concentration of FGF-2 in our in vitro study was
high compared with the serum FGF-2 concentration level.
Previous reports demonstrated that FGE-2 produced in the
liver tissues acts in an autocrine or paracrine fashion.>® We
demonstrated that serum FGF-2 levels in chronic liver disease
were significantly higher than those in HVs and that serum
FGF-2 levels decrease with the progression of liver disease.
These results suggested that FGF-2 production from liver tis-
sues might also decrease with the progression of liver disease.
Although the local FGF-2 concentration in the liver tissues
still remains unknown and may differ from the serum FGF-2
concentration, our results have at least demonstrated that
FGF-2 could enhance NK sensitivity of HCC cells via modifi-
cation of the activating and inhibitory molecules on HCC
cells. '

The expression of NKG2D has been reported in all NK cells.
However, this has also been reported in most NKT cells, subsets
of v8 T cells and all human CD8+ T cells and a subset of
CD4+ T cells.*’ In addition to NK cells, the MICA-NKG2D
pathway plays roles in the costimulation or recognition of each
cell. Our results demonstrated that FGF-2 might increase the
membrane-bound MICA on HCC cells. It might be possible
that the increased expression of MICA may also activate other
lymphocytes expressing NKG2D and that these cells may also
contribute to the elimination of HCC cells.

The earlier results suggested that FGF-2 levels might con-
tribute to the eradication of HCC cells in liver tissues, which
would prevent the incidence of HCC in chronic liver disease.
Our patients” data demonstrated that HCC occurrence of the
patients with high levels of FGF-2 was significantly lower
than that with low levels of FGF-2, which is consistent with
the results of NK sensitivity of FGF-2-treated HCC cells.
Moreover, the FGF-2 levels in patients before HCC occur-
rence were significantly higher than those in the same
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patients after HCC occurrence. The decreasing levels of se-
rum FGF-2 may be a prediction factor for the occurrence of

HCC in chronic liver disease.
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Abstract

The innate immune system recognizes viral nucleic acids and stimulates celluiar antiviral responses. Intracellular detection of
viral RNA is mediated by the Retinoic acid inducible gene (RIG)-I Like Receptor (RLR), leading to production of type |
interferon (IFN) and pro-inflammatory cytokines. Once cells are infected with a virus, RIG-| and MDAS5 bind to viral RNA and
undergo conformational change to transmit a signal through direct interaction with downstream CARD-containing adaptor
protein, IFN-B promoter stimulator-1 (IPS-1, also_referred as MAVS/VISA/Cardif). IPS-1 is composed of N-terminal Caspase
Activation and Recruitment Domain (CARD), proline-rich domain, intermediate domain, and C-terminal transmembrane (TM)
domain. The TM domain of IPS-1 anchors it to the mitochondrial outer membrane. It has been hypothesized that activated
RLR triggers the accumulation of IPS-1, which forms oligomer as a scaffold for downstream signal proteins. However, the
exact mechanisms of IPS-1-mediated signaling remain controversial. In this study, to reveal the details of IPS-1 signaling, we
used an artificial oligomerization system to induce oligomerization of IPS-1 in cells. Artificial oligomerization of IPS-1
activated antiviral signaling without a viral infection. Using this system, we investigated the domain-requirement of IPS-1 for
its signaling. We discovered that artificial oligomerization of IPS-1 could overcome the requirement of CARD and the TM .
domain. Moreover, from deletion- and point-mutant analyses, the C-terminal Tumor necrosis factor Receptor-Associated
Factor (TRAF) binding motif of IPS-1 (aa. 453-460) present in the intermediate domain is critical for downstream signal
transduction. Our results suggest that IPS-1 oligomerization is essential for the formation of a multiprotein signaling
complex and enables downstream activation of transcription factors, Interferon Regulatory Factor 3 (IRF3) and Nuclear
Factor-kB (NF-xB), leading to type | IFN and pro-inflammatory cytokine production.
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known as MAVS, VISA, and Cardif), which is anchored on the
outer membrane of the mitochondrion [7,8,9,10]. Cells infected
with a virus activate the RLR/IPS-1 signaling cascade and exhibit
microscopic aggregation of IPS-1 [11]. Activation of IPS-1 is
reconstituted in vitro and the formation of detergent-insoluble
IPS-1 aggregate has been reported [12]. For intracellular
aggregation of IPS-1, the involvement of mitofusin (MFN) 1,
which is known to regulate mitochondrial fusion, has been
reported [11], suggesting that IPS-1 aggregation is regulated
through a complex mechanism of mitochondrial dynamics. There
are several studies concerning how IPS-1 reccives a signal from
RLR and how it relays it downstream; however, some of the
reports are not consistent with each other [10,13,14,15]. IPS-1
contains three potential TRAF binding motifs (TBMs) [10]. To

Introduction

Viruses replicating within cells produce RNA with a non-self
signature, such as a double stranded (ds) and 5’-triphosphate
structure, which are recognized by sensor molecules Retinoic acid
Inducible Gene-I (RIG-I), Melanoma Differentiation Associated
gene 5 (MDASJ), and Laboratory of Genetics and Physiology 2
(LGP2), collectively known as RIG-I-Like Receptors (RLR)
[1,2,3,4]. RLR elicits signals to activate a set of genes including
those of type I and III interferon (IFN) to initiate innate antiviral
responses [5]. Several lines of evidence support a hypothesis that
once RIG-I and MDAS5 recognize non-self RNA, conformational
changes are induced resulting in exposure of their CARD [6]. The
CARD of RIG-I and MDAS transmits a signal to another CARD-

containing adaptor, Interferon Promoter Stimulator-1 (IPS-1, also
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TBM2 (aa. 154159, human), and TBM3 (aa. 453-460, human).
TBMI1 and 2 are close to each other (5 amino acids apart) and
reside within the proline-rich domain. TBM1 physically interacts
with TRAF3 [16] and a single amino acid substitution (T1471)
abolishes binding. Early reports demonstrated that an artificial
molecule essentially consisting of CARD and TM, therefore
devoid of TBMs (termed mini MAVS), is sufficient for signaling
[9,10,13]. In particular, TM can be replaced with that of other
mitochondrial proteins, suggesting the importance of its mito-
chondrial localization. Other reports have demonstrated that
artificial oligomerization of CARD of IPS-1 in the cytosol is
sufficient to activate the signal independent of the mitochondrion
[14].

In the current study, we aimed to delineate the inconsistencies
on the reported function of IPS-1 domains with a focus on the
oligomerization of IPS-1 and analyzed the necessary part of IPS-1
for signaling.

Results

Forced IPS-1 Oligomerization Activates Antiviral Innate
Immunity

Previously, we found that a virus-infection resulted in the
redistribution of IPS-1 to form speckle-like aggregates in cells [11].
Here, we attempted to demonstrate whether oligomerization of
IPS-1 was sufficient to induce antiviral signaling. To address this
question, we modified an artificial homodimerization system
(ARGENT Kit, ARIAD) [17]. We used 3 tandem repeats of
mutant FK 506 Binding Protein 12 (FKgsgv), which can be cross-
linked by a cell-permeable chemical AP20187 (Figure 1A). FKpsev
harbors an F36V mutation, which impairs binding affinity to
immunosuppressive agent, FK506. AP20187 was designed specif-
ically for binding with FKgsey, so that it does not influence
endogenous FK binding proteins. Thus, this system specifically
crosslinks a target protein without the unwanted side effects. We
made constructs to artificially oligomerize CARD of RIG-I in cells
(FK-RIG CARD) {18] and IPS-1 (FK-IPS) (Figure 1A). HeLa cells
stably expressing 3xFKpzey (FK) and its fusion proteins were
treated with AP20187 and IFN- mRINA levels were quantified.
AP20187 induced oligomerization of fusion proteins (Native
PAGE, data not shown). Oligomerization of FKpzsy did not
induce IFN- mRINA; however, FK-RIG CARD exhibited a rapid
induction of IFN-f mRNA (Figure 1B, [18]). Two independent
HeLa clones expressing FK-IPS activated the IFN-f gene upon
AP20187 treatment, both of which expressed the fusion protein
localized to mitochondria (data not shown). Furthermore,
AP20187 treatment induced speckle-like distribution of FK-IPS
i cells (data not shown). It is important to note that unlike
transient overexpression of IPS-1 in cell lines, which constitutively
activates the IFN-$ gene; stable cells did not exhibit constitutive
IFN-B expression (Figure 1B). To confirm that this induction was
accompanied by activation of IRF-3, its dimer formation was
examined by native PAGE (Figure 1C). Consistent with IFN-f
mRNA levels, cells expressing FK-RIG and FK-IPS, but not FK
exhibited rapid IRF-3 dimer formation after exposure to
AP20187.

To further confirm the impact of antiviral signaling by this
artificial system, we examined expression profiles of interferon
stimulated genes by a DNA microarray of 237 immune-related
genes. 109 genes were transiently induced by IPS-1 oligomer (data
not shown). Representatives 11 genes, which are known to be
induced after a viral infection, are displayed in Figure 1D. Results
show that a simple oligomerization of FK-RIG CARD or FK-IPS
mimics the signaling induced by a viral infection (Figure 1D). In
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Delimitation of Critical Domain in IPS-1

contrast, only CARD of IPS-1 failed to induce any interferon or
cytokine gene expression in response to oligomerization (Figure
S1). From this, it would appear that the up-regulations of these
genes are not due to non-specific response induced by oligomer-

_ ized CARD-containing protein.

CARD of IPS-1 is Dispensable for Oligomerization-

induced Signaling
It has been hypothesized that upon activation of RIG-I, its
CARD is exposed by conformational changes and relays signaling

_ to IPS-1 through CARD-CARD interactions [8,9,10,19]. CARD

of IP3-1 is essential for signaling when IPS-1 is transiently over-
expressed [7,8]. We examined if CARD of IPS-1 was essential in
FK-IPS-mediated signaling. We constructed FK-IPS mutants: FK-
IPSACARD, CARD deletion; FK-IPSCARD, FK fused to
CARD; FK-IPSTM, FK fused to TM, and FK-IPSACARDATM,
FK-IPS without CARD and TM, as summarized in Figure 2A.
Stable cells expressing FK-IPSACARD showed little basal
activation of IRF-3; upon  treatment with AP20187, strong
activation of IRF-3 was observed similar to that by FK-IPS
(Figure 2B). However, FK-IPS CARD did not activate IRF-3 even
after oligomerization (Figure 2B). Similarly, FK-IPSACARD, but
not FK-IPSCARD did not induce IFN-f mRNA upon oligomer-
ization (Figure 2C). Oligomerization of FK on the mitochondrion
(FK-IPSTM) is not sufficient to activate IFN-B and Interleukin(IL)-
6 genes (Figure 2D, 2E). Interestingly, FK-IPSACARDATM,
which is localized in the cytoplasm (Figure S2) due to TM
deletions, activated IFN-B and IL-6 genes and formed speckle-like -
aggregates upon oligomerization (Figure 2D, 2E, and Figure S2).
These results suggest that cytoplasmic oligomerization of an IPS-1
fragment (aa. 90-507), which includes TBMI-3, is sufficient for
signaling and mitochondrial localization is dispensable if forcibly
oligomerized.

Domain Delimitation of IPS-1 for IRF3 and NF-xB
Activation

To delimit the region of IPS-1 necessary to trigger signaling
upon oligomerization, we made a series of deletion mutants as
shown in Figure 3A. Stable clones of HeLa cells expressing these
mutants were mock treated or treated with AP20187 and nuclear
translocation of IRF-3 and NF-xB was determined by immuno-
staining (Figure 3B). Deletion of the proline-rich region (180-540)
showed little effect; however, further deletion of residues 400 to
464 abolished activation of both IRF-3 and NF-«B, indicating that
these residues are essential to signal. Quantitative analysis of IFN-
B and IL-6 gene expression revealed a significant attenuation of
signaling by the deletion of aa. 1-179 (Figure 3G, 3D), suggesting
the involvement of TBM1 and 2. This requirement of TBM1-2 is
more prominent for IL-6 gene expression. Importantly, further
deletion of aa. 400 to 464 (FKpsey-IPS 465-540), including

- TBMS3, resulted in the complete loss of signaling activity.

We also wondered whether MFNI contributes to IPS- 1
oligomerization because we previously reported that mitochon-
drial protein MFN1 promotes mitochondrial fusion and increases
signaling of IPS-1 [11]. We carried out a reporter assay with this
oligomerization system in MFN1—/— MEFs. MFNI—/— MEFs
showed comparable level of IFN-promoter activity to WT MEF
cells (Figure S3), suggesting that MFN1 is dispensable for signaling
induced by forced oligomerization of IPS-1.

Essential Role of TBM3 in Signaling

To further characterize functional residues within aa. 400-540,
we substituted a single amino acid within TBM3 (PEENEY to

January 2013 | Volume 8 | Issue 1 | 53578
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(10 nM) for the indicated time. Cells were harvested and analyzed for IFN-B mRNA levels by qPCR. C. Hela cells stably expressing indicated FKBP
fusion proteins were stimulated with AP20187 for 3 h and IRF-3 dimer formation was analyzed (Materials and Methods). Positions of the IRF-3
monomer and dimer are shown by arrowheads. D. Microarray analysis of mRNAs induced by oligomerized RIG-1 CARD or IPS-1. Cells were stimulated
with AP20187 for the indicated time. Total RNA extracted from these cells was subjected to analysis using a DNA microarray (Genopal, Mitsubishi
Rayon) of interferon-stimulated genes and interferon genes. Relative mRNA levels using a control expression as 1.0 are shown. Representative data of
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PEDNEY: E457D) [10] to explore its significance (Figure 4A).  Viral Infection Induces Molecular Oligomer of 1PS-1

E457D substitution abolished gene activation of IFN-p and IL-6 The above results show that forced oligomerization of IPS-1
with full-length or 400-540 FKgpsgy fusion constructs in stable results in the activation of a signaling cascade. We investigated if a
Hela cells (Figure 4B, 4C). We confirmed that IRF and NF-xB viral infection induced oligomerization of IPS-1 using fusion
were activated by oligomerization of IPS-1 400-540 in a TBM3- proteins of complementary fragments of a fluorescent reporter

dependent manner (Figure 4D, 4E). We further mutagenized  protein (monomeric Kusabira-Green, mKG) [21]. Two split
TBMS3 to resemble TBM of Toll/IL-1 receptor domain-contain- inactive mKG f[ragments fused to IPS-1, respectively, were
ing adaptor inducing IFN- (TRIF) (PEEMSW) or IL-1 receptor- expressed in cells. Fluorescence is expected to be detectable when
associated kinase (IRAK)-M (PVEDDE). As a negative control, the  these IPS-1 fusions containing complementary mKG fragment
motif was replaced to that of Myeloid Differentiation factor 88 came into close vicinity (Figure 5A). 293T cells, which stably
(MyD88) (PSILRF), which does not bind directly to the TRAF expressed mKG-fusion IPS-1, were infected with Newcastle
molecule [20]. Interestingly, substitution of TBM3 with TBM of  disease virus (NDV) for 9h and then subjected to Fluorescence-
TRIF or IRAK-M restored the induction of IRF3 and NF-kB,  Activated Cell Sorting (FACS) analysis for the detection of
albeit with lower efficiency (Figure 4F, 4G). As expecied, the fluorescence. We observed enhanced fluorescence in NDV-
control motif of MyD88 failed to exhibit signaling. Furthermore, infected cells (Figure 5B), suggesting that viral infections induce
we constructed FK-IPS 400-508, which retains TBM3 but lacks oligomer formation of IPS-1.

the TM. This short fragment of IPS-1 also activated IRF-

responsive promoter upon oligopmerization(Figure S4). This result Discussion

further supports the hypothesis that oligomerization of TBM3 is

essential in IPS-1 mediated signaling. Signaling initiated by cytoplasmic viral RNA sensors involves a

unique adaptor, IPS-1, which is specifically expressed on the outer
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membrane of the mitochondrion. IPS-1 is a problematic protein,
since transient overexpression results in constitutive signaling,
whereas endogenous IPS-1 is tightly regulated by post-translation-
al mechanisms [22,23]. Here, we established a system to analyze
the regulation of IPS-1 by its oligomerization. We obtained stable
cell lines expressing FK-IPS fusion, which could be activated by a
crosslinker. Upon oligomerization, IPS-1 rapidly elicited signaling
leading to the activation of target genes including that of IFN-f3,
suggesting that IPS-1 aggregation is essential and precedes possible
covalent modifications such as phosphorylation and ubiquitination
[24,25].

Our deletion analysis of FK-IPS-1 revealed that the TRAF
binding motif is essential while CARD is dispensable for
signaling. The initial report by Chen’s group reported that
CARD tethered to mitochondria-targeted TM (termed mini
MAVS) is sufficient to transduce signaling by its transient
overexpression [9,13]. They expressed mini-MAVS in cells
expressing endogenous IPS-1. However, when mini-MAVS was
expressed in IPS-1—/— cells, no signal was transduced (Figure
S5, [26]). And recently Chen’s group also reported that
depletion of endogenous IPS-1 by RNAIi abrogated interferon
induction by mini-MAVS [12]. This can be interpreted as
transient overexpression of CARD in the vicinity of mitochon-
dria resulting in the aggregation of endogenous IPS-1. In
contrast, FK-IPS 400-450, which lacks CARD, is regulated by
oligomerization in IPS-1—/— MEFs (Figure 4D, 4E). Another
group showed that cytoplasmic oligomerization of CARD is

PLOS ONE | www.plosone.org

sufficient to activate signaling using FK fusion [14]. This result
is clearly inconsistent with ours (Figure 2B, 2C). They used wild
type FKBP12 and dimerizer chemical AP1510, which retains its
binding affinity to endogenous FKBP proteins. One of the
FKBPs, FKBP38 (also termed FKBP8) is known to associate
with the mitochondrial outer membrane [27]. Therefore, this
primordial oligomerization system may oligomerize the target
proteins (this case CARD) in association with mitochondria. We
used an improved FKBP system (ARGENT Kit, ARIAD),
which avoids this potential problem. On the other hand, FK-
IPS ACARDATM, which contains TBMs, can activate signaling
upon oligomerization (Figure 2). This result highlights the fact
that cytoplasmic oligomerization of TBMs is sufficient for
signaling.

There are three potential TBMs within IPS-1 [10]. Our
result showing that FK-IPS 400-540 exhibited signaling in an
oligomerization-dependent manner (Figures 3 and 4) suggest
that oligomerization of TBM 3 alone is sufficient for signaling.
TBMS, initially identified as TRAF6 binding site [10], can also
recruit TRAF3 [28]. This is consistent with studies using
TRAF3 and TRAF6 knockout cells [29,30]. TBMI, 2, and 3
likely contribute to the signaling mediated by IPS-1, presumably
in a cooperative fashion and result in differential activation of
target genes. For example, TBMI and 2 are dispensable for the
IFN-B gene, but IL-6 gene requires all TBMI, 2, and 3 for full
activation (Figure 3C, 3D). A recent report has shown that
CARD containing protein CARD9 is preferentially required for
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proinflammatory cytokine induction downstream of RIG-I
signaling [31]. To explore the involvement of CARDY in IPS-
1 mediated signaling, we knocked down CARDY in a stable
HeLa clone expressing FK-IPS and examined its effect on the
activation of IFN-B and IL-6 genes (Figure S7). Although IFN-f
gene induction by oligomerization was little affected by reducing-
CARDSY, IL-6 gene activation was significantly attenuated.
Considering the result that IL-6 gene activation is more
dependent on TBMI1/2 (Figure 3C, 3D), it is tempting to
speculate that TBM1/2 preferentially promote NF-xB activa-
tion, whereas TBMS3 has a primary role of IRF-3/7
.activation.Our results support a model that CARD of IPS-1
receives signaling from RLR via CARD-CARD interaction to
initiate oligomerization through mitochondrial dynamism; how-
ever, CARD of IPS-1 alone is not sufficient to trigger
downstream signaling. On the other hand, TBMs are essential
for further signaling by the recruitment of TRAF3 and 6, which
is initiated by molecular oligomerization. Consistent with this
model, we observed that artificial oligomerization of IPS-I

induced recruitment of TRAF6 into the NP-40-insoluble
fraction (Figure 86). Thus, IPS-1 receives and transmits
PLOS ONE | www.plosone.org

signaling through the functions of CARD and the TRAF motif,
respectively.

Materials and Methods

Plasmid Constructs

p-55C1BLuc, p-55A2Luc, p-125Luc, pRLtk, pEF-Bos-FLAG-
RIG-I CARD and pEF-Bos-FLAG-IPS-1 plasmids have been
described [11,32]. Expression plasmids of FKBP36v (oligomeriza-
tion peptide), pC4M-Fv2E, and pC4Fv1E were obtained from
ARIAD (ARGENT Regulated Homodimerization kit). We re-
constructed the vector, pC4Fv3E, which contains 3 tandem
repeats of FKBP36v [18]. To construct IPS-1 fused three tandem
FKBP, we amplified the IPS-1 sequence by PCR and inserted it
into the Spel site of pC4Fv3E. Site-directed FK-fused IPS-1
mutants (FK-IPS E457D, FK-IPS 400-540 E457D) were
constructed using a KOD-Plus mutagenesis kit (TOYOBO,
Japan). Nucleotide sequences for these constructs were confirmed
with the BigDye DNA sequencing kit (Applied Biosystems).
Expression vectors encording Flag-MAVS and Flag-mini-MAVS
were obtained [rom Dr. Zhijian J. Chen.

5 January 2013 | Volume 8 | Issue 1 | 53578

167



A FK-APS
FKPS E457D
FK-IPS 400-540

FK-IPS 400-540 E457D

Delimitation of Critical Domain in IPS-1

B fo . D 50 lps-1-/- MEF ’
7000 - > P-55C1BLUC
6000 1 g
d =
< 6 £ 4
Z 5000 z 2
£ €5 1 2 30
£ q000 A o4 | &
2 . g
& 3000 4 83 v 20
2 2000 | = £
~ © 2 1 ,g
% 1000 =1 4 <10
%
APINET = % AP20187 0 . = =
—_— e = = FK FKIPS  FKIPS  Faps  FKAPS . SN B
FK FK-IPS  FK-IPS  pK-Ips  FK-IPS 457D 400-540 400-540 FK FK-IPS FK-IPS
E457D 400-540 400-540 €4570 400-540  400-540
E457D E457D
E F 8 . G 16
Ips-1-/- MEF Ips-1-/- MEF Ips-1-/- MEF
4 ~ g 7 “ 14 |
> P-55A2LUC z . P-55C1BLUC > P-55A2LUC
£ s 6 = 12
= E=] p=1
g £ S0l B
< e 5 O 2 107 F
g, | g
52 [ ‘3
E 2 3 18 ~ 2 ¢l
£ B 2 . ® 44 &
g K E .
, Lk L [
il BN B o L& 'E CH LE il Ns N By Bs |
AP20187: -+ - * R Ap20187; <t =b = JLE X =% ap0187: =t =k - =t =t
FK FK-IPS FK-IPS FK-IPS  FKIPS  FK-IPS FK-IPS  FK-IPS FK-IPS  FK-IPS  FK-IPS FK-IPS  FK-IPS
400-540 4:35-%0 400-540 400-540 400-540 400-540 400-540 400-540 400-540 400-540 400-540 400-540
PEENEY PEDNEY PEERMISY PyEnDE PSILRE PEENEY PEDNEY PEEMSW PYELDE PSILRE
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doi:10.1371/journal.pone.0053578.g004

Cell, DNA Transfection, and Preparation of Cell Extracts

Hela, 293T cells {32,33] and Mouse embryonic fibroblasts
(METs) [5,34] were maintained in Dulbecco’s Modified Eagle’s
Medium with 10% fetal bovine serum and penicillin-streptomycin.
MEFs deficient for IPS-1 were obtained from Dr. S. Akira (Osaka
University). MEFs deficient in MFNI were obtained from Dr.
David Chan (Caltech). HeLa, 293T cells, and MEFs were
transfected with FuGENE 6 (Roche Applied Science). Stable
transformants of HeLa cells were established by transfection of
linearized plasmids, encoding the FKBP construct and Puromycin
resistance gene, respectively, and cells were selected by Puromycin
(5 ug/ml). For preparation of cell extracts, cells were lysed with
lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM
EDTA, 1% Nonidet P-40, 0.1 mg/ml leupeptin, 1 mM phenyl-
methylsulfonyl fluoride, and 1 mM sodium orthovanadate) and
were centrifuged at 20400xg for 10 min. The supernatant was
used for immunoblotting.

PLOS ONE | www.plosone.org
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Viral Unfection

Cells were treated with culture medium or infected with NDV
at a MOI of 1 in serum-free and antibiotic-free medium. After
adsorption for 1h at 37°C, the medium was changed and
infection was continued for 9 h in the precence of serum-
containing medium.

Reporter Assay

MEFs were transfected with firefly luciferase reporter (either p-
125 Luc, p-55C1BLuc or p-55A2Luc [32]) pRLtk (renila
luciferase internal control) and effector expression plasmids. Cells
were split into three aliquots and were stimulated with chemical
dimerizer AP20187 (AP, 10 ng/ml in ethanol) or ethanol. The
luciferase assay was performed with a Dual-Luciferase reporter
assay system (Promega). Luciferase activity was normalized using
Renilla luciferase activity (pRLtk).

Quantitative Real Time PCR and Microarray Analysis

Total RNA was prepared with TRIZOL reagent (Invitrogen)
and treated with DNase I (Roche Diagnostics). A High-Capacity
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cDNA Reverse Transcription Kit (Applied Biosystems) was used
for cDNA synthesis and mRNA levels were monitored with the
Step One plus Real Time PCR system and TagMan Fast
Universal PCR Master Mix (Applied Biosystems). TaqMan
primer-probes f{or human IFNBI, IL-6, IFNAS8, and 18 s rRNA
were purchased from Applied Biosystems. RNA copy numbers
were normalized to that of an internal 18 s rRNA. In the
microarray analysis, we used the Genopal microarray system
according to the manufacturer’s instructions (Mitsubishi Rayon).
Biotin-labeled RINA was prepared with a MessageAmp II-Biotin
Enhanced kit (Ambion). ‘

Immunoblotting and Antibodies

The polyclonal antibody used to detect human IRF-3 in native
PAGE and anti-human IRT-3 polyclonal antibodies for immuno-
staining were described previously [35]. Other antibodies were
obtained from the following sources: Anti-human NF-kB antibody
(sc-109), anti-human TRAF6 (sc-8409), and anti-human MFNI
(sc-50330) from Santa Cruz Biotechnology, anti-HA-Tag (6E2)
from Cell Signaling, and anti-human Actin (A-1978) from Sigma.

Immunofluorescence Microscopy

For immunofluorescence analysis, cells were fixed with 4%
paraformaldehyde for 10 min, permeabilized with acetone:
methanol (1:1), and blocked with 5 mg/ml of BSA in PBST
(0.04% Teen20 in PBS) for lhour. Cells were incubated with
relevant primary antibodies overnight at 4°C, then incubated with
Alexa Fluor-conjugated secondary antibodies (Invitrogen). To
label mitochondria, cells were incubated for 30 min at 37°C with
MitoTracker Red CMXRos according to the manufacturer’s
instructions (Molecular Probes). Fluorescence images were ob-
tained by Leica Microsystems AF6500 (Leica).

PLOS ONE | www.plosone.org

RNA Interference

The siRNA negative control, targeting TRAF3 and TRAF6
were purchased from Bonac Corporation. The target sequences
were: (GCUCAUGGAUGCUGUGCAUdTdAT) and (GGA-
GAAACCUGUUGUGAUUITAT) for TRAF3 and 6, respec-
tively. Each siRNA was transfected with Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions. At 48 h
post-transfection, cells were harvested, and then subjected to Real
Time PCR.

FACS

To examine oligomerization of IPS-1 in cells, we performed
bimolecular fluorescence complementation (BiFC) assays using a
CoralHue Fluo-Chase kit (Amalgam).

293T cells expressing this construct were washed and harvested
with PBS, then subjected to FACS analysis using FACSCanto II
(BD Bioscience).

Supporting Information ~

Figure S1 Microarray analysis of mRNAs induced by
oligomerized IPS-1 CARD or IPS-1. Hela cells stably
expressing FK-IPS or FK-IPS CARD were stimulated with
AP20187 for the indicated time. Total RNA extracted from these
cells was subjected to analysis using a DNA microarray (Genopal,
Mitsubishi Rayon) of interferon-stimulated genes and interferon
genes. Relative mRINA levels using a control expression as 1.0 are
shown.

(PDF)

Figure S2 FK-IPS ACARDATM forms speckle like
aggregates in the cytoplasm. Hecla cells stably expressing
FK-IPS ACARDATM were mock treated or treated with
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AP20187 for 3 h and stained with mitoTracker (mitochondria)
and anti-HA antibody. Fluorescent microscopic images of FK-
IPSACARDATM and mitochondria are shown.

(PDF)

Figure 83 MFNI1 is dispensable for signaling induced by
forced oligomerization of IPS-1. MEFs of MFN1—/— or +/
+ were transiently transfected with p-125Luc (reporter for IFN-B
promoter activity) together with the indicated FK-IPS fusion
constructs. Cells were treated with or without AP20187 for 6 h.
Relative luciferase activities were determined as described in
Materials and Methods. A representative result of at least two
independent experiments is shown. Error bars indicate standard
error of triplicate samples.

(PDF)

Figure $4 FK-IPS 400-508 can activate IRF-responsive
promoter upon oligomerization. HEK 293T cells were
transiently transfected with p-55G1BLuc together with the FK or
FK-IPS 400-540 constructs. Cells were treated with or without
AP20187 for 6 h. Relative luciferase activities were determined as
described in Materials and Methods. A representative result of at
least two independent experiments is shown. Error bars indicate
standard error of triplicate samples.

(PDF)

Figure S5 IPS-1A100-500 (mini-MAVS) failed to activate
signaling in the absence of endogenous IPS-1. IPS-1—/—
or +/+ MEFs were transiently transfected with luciferase reporter
plasmid, p-55C1BLuc together with IPS-1(MAVS), IPS-1A100-
500 (mini-MAVS), or control vector. Relative luciferase activities
were determined as described in Materials and Methods. A
representative result of at least two independent experiments is
shown. Error bars indicate standard error of triplicate samples.

(PDF)

Figure S6 Recruitment of TRAF6 into NP-40 insoluble
fraction upon oligomerization of IPS-1. A. Scheme for
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insoluble fractions separated by differential centrifugation. FK-
IPS ACARD stable cells were cultured for 3 h in the absence or
presence of AP. Cell lysates were separated by differential
centrifugation. FK-IPS ACARD and endogenous MFN1, TRAFE,
and actin were detected by immunoblotting.
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Figure 87 Involvement of CARDY in NF-xB dependent
pathway. A, HeLa FK-IPS#48 cells were transfected with N.C.
siIRNA or CARD9 targeted siRNA for 48 h, and the knockdown
of CARD9 was analyzed by RT-PCR. B, C and D, Hela FK-
IPS#48 cells were transfected with N.C. siRNA or CARD9
targeted siRNA for 48 h, then mock treated or treated with
AP20187 for 3 h. Gellular RNA were extracted and analyzed for
IFN-B (B), I-6 (C) or II-1p (D) mRINA by gPCR. Representative
data of at least two independent experiments are shown. Error
bars: standard error of triplicated samples. Statistical analyses were
conducted with an unpaired t test, with values of p<0.05
considered statistically significant. *p<<0.05.
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Hepatitis C Virus NS4B Protein Targets STING
and Abrogates RIG-I-Mediated Type |
Interferon-Dependent Innate Immunity

Sayuri Nitta,"" Naoya Sakamoto,*%" Mina Nakagawa, Sei Kakinuma,* Kako Mishima,'
Akiko Kusano-Kitazume," Kei Kiyohashi,' Miyako Murakawa,! Yuki Nishimura-Sakurai," Seishin Azuma,’
y
Megumi Tasaka-Fujita,' Yasuhiro Asahina,™* Mitsutoshi Yoneyama,3 Takashi Fujita,4’S and Mamoru Watanabe'

Hepatitis C virus (HCV) infection blocks cellular interferon (IFN)-mediated antiviral sig-
naling through cleavage of Cardif by HCV-NS3/4A serine protease. Like NS3/4A, NS4B
protein strongly blocks IFN-f production signaling mediated by retinoic acid-inducible
gene I (RIG-I); however, the underlying molecular mechanisms are not well understood.
Recently, the stimulator of interferon genes (STING) was identified as an activator of RIG-
I signaling. STING possesses a structugal homology domain with flaviviral NS4B, which
suggests a direct protein-protein interaction. In the present study, we investigated the mo-
lecular mechanisms by which NS4B targets RIG-I-induced and STING-mediated IFN-§
production signaling. IFN-§ promoter reporter assay showed that IFN-§ promoter activa-
tion induced by RIG-I or Cardif was significantly suppressed by both NS4B and NS3/4A,
whereas STING-induced IFN-f activation was suppressed by NS4B but not by NS3/4A,
suggesting that NS4B had a distinct point of interaction. Immunostaining showed that
STING colocalized with NS4B in the endoplasmic reticulum. Immunoprecipitation and
bimolecular fluorescence complementation (BiFC) assays demonstrated that NS4B specifi-
cally bound STING. Intriguingly, NS4B expression blocked the protein interaction between
STING and Cardif, which is required for robust IFN-f activation. NS4B truncation assays
showed that its N terminus, containing the STING homology domain, was necessary for
the suppression of IFN-$ promoter activation. NS4B suppressed residual IFN-f activation
by an NS3/4A-cleaved Cardif (Cardif1-508), suggesting that NS3/4A and NS4B may coop-
erate in the blockade of IFN-§ production. Conclusion: NS4B suppresses RIG-I-mediated
IFN-p production signaling through a direct protein interaction with STING. Disruption
of that interaction may restore cellular antiviral responses and may constitute a novel thera-
peutic strategy for the eradication of HCV. (Hepatorocy 2013;57:46-58)

ype I interferon (IFN) plays a central role in
eliminating hepatitis C virus (HCV) both
under physiological conditions and when
used as a therapeutic intervention.” In experimental
acute-resolving HCV infection in chimpanzees, numer-

course of infection.* Viruses are recognized by cellular
innate immune receptors, such as toll-like receptors,
and a family of RIG-I-like receptors, such as retinoic-
acid-inducible gene I (RIG-I) and melanoma-differen-
tiation-associated gene 5 (MDA-5); host antiviral

ous IFN-related genes are expressed during clinical responses are then activated, resulting in the
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production of cytokines such as type I and type III
IFNs.” RIG-I is activated through recognition of short
double-strand RNA (dsRNA) or triphosphate at the 5’
end of dsRNA as pathogen-associated molecular pat-
terns,®” forming a homo-oligomer that binds with the
caspase recruitment domain (CARD) of Cardif (also
known as MAVS, VISA, or IPS-1).5"" Cardif subse-
quently recruits TANK binding kinase 1 (TBK1) and
IxB kinase € (IKKe¢) kinases, which catalyze phospho-
rylation and activation of IFN regulatory factor-3
 (IRF-3)."2 Activation of TBK1 and IKKe results in the
phosphorylation of IRF-3 or IRE-7, translocation to
the nucleus, and induction of IFN-f mRNA
transcription. , ’

Several HCV proteins can block host cellular antivi-

ral responses. HCV core protein blocks IFN signaling
by interacting with signal transducer and activator of
transcription protein-1 (STAT1)."® The core protein
also induces expression of suppressor of cytokine
signaling-1 (SOCS1) and SOCS3, and blocks Janus
kinase-STAT signaling.'**> A well-elucidated immune
evasion strategy of HCV involves NS3/4A serine pro-
tease and its ability to inhibit host IEN signal path-
ways. Gale and colleagues'"*®!7 revealed that NS3/4A
protease cleaves Cardif at Cys-508 resulting in disloca-
tion of Cardif from mitochondria, and blocks down-
stream signaling of IFN-f production. On the other
hand, Baril et al.'® reported that Cardif was still able
to form a homo-oligomer and to activate downstream
IFN production signaling despite delocalization from
the mitochondria. These reports suggest that homo-oli-
gomerization of Cardif, and not mitochondrial anchor-
age, is essential for the activation of downstream IFN
signaling and that other virus-derived molecules may
cooperate with NS3/4A to abrogate the signaling of
IFN production.
- We reported previously that HCV-NS4B, as well as
NS3/4A, inhibited RIG-I and Cardif-mediated inter-
feron-stimulated response element (ISRE) activation,
while TBK1- and IKKe-mediated ISRE activation
were not suppressed.’” These results indicate that
NS4B suppresses IFN production signaling by target-
ing Cardif or other unknown signaling molecules
between the level of Cardif and TBK1/IKKe.

Recently, a stimulator of interferon genes (STING,
also known as MITA/ERIS/MPYS/TMEMI173) was
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identified as a positive regulator of RIG-I-mediated
IFN-B signaling.*** STING is a 42-kDa protein
localized predominantly in the endoplasmic reticulum
(ER) that binds RIG-I, Cardif, TBK1, and IKKe.
STING is thought to act as a scaffold for Cardif/
TBK1/IRF-3 complex upon viral infection.”” It has
been reported that NS4B of yellow fever virus, which
is 2 member of the flaviviridae family of viruses, inhib-
its STING activation probably through a direct molec-
ular interaction.?* These reports have led us postulate
that HCV-NS4B may also inhibit RIG-I dependent
IFN signaling through association with STING.

In the present study, we further investigated the mo-
lecular mechanisms by which HCV-NS4B protein
inhibits RIG-I-mediated IFN expression signaling. We
demonstrated that HCV-NS4B specifically binds
STING, blocks the molecular interaction between
STING and Cardif, and suppresses the RIG-I-like
receptor—induced activation of IFN-f production
signaling.

Materials and Methods
Plasmids. The ARIG-1 and RIG-IKA plasmids

express constitutively active and inactive RIG-], respec-
tively.5 Full-length Cardif (Cardif) and CARD-trun-
cated Cardif (ACARD) plasmids were provided by J.
Tschopp.'' Plasmids expressing STING were provided
by G. N. Barber.*® Plasmids expressing HCV NS3/4A,
NS4B, and truncated NS4B have been described.?
Plasmid pIFNp-Fluc was provided by R. Lin.?

Cell Culture. HEK293T and Huh7 cells were main-
tained in Dulbecco’s modified minimal essential me-
dium (Sigma) supplemented with 2 mM r-glutamine
and 10% fetal calf serum at 37°C with 5% CO,.

HCV Replicon Constructs and HCV-JFHI Cell
Culture. An HCV  subgenomic replicon plasmid,
pRep-Feo, expressed fusion protein of firefly luciferase
and neomycin phosphotransferase.””*® Huh7 cells
were transfected by Rep-Feo RNA, cultured in the
presence of 500 pug/mL of G418, and a cell line that
stably expressed Feo replicon was established. For
HCV cell culture, the HCV-JFH1 strain was used.?>?°

Antibodies. Antibodies used were anti-IRF-3 (FL-
425, Santa Cruz Biotechnology), anti-HA (Invitrogen),
anti-myc  (Invitrogen), mouse anti-PDI (Abcam),

Address reprint requests to: Nagya Sakamoto, M.D., Ph.D., Department of Gastroenterology and Hepatology, Hokkaido University, Kital5, Nishi8, Kita-ku,
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rabbit anti-PDI (Enzo Life Science), anti-Flag (Sigma
Aldrich), anti-Cardif (Enzo Life Science), anti-phos-
pho~IRF-3 (Ser396, Millipore), anti-monomeric Kusa-
bira-Green C- or N-terminal fragment (MBL), and
anti-FACL4 (Abgent).

Luciferase Reporter Assay. IFN-§ reporter assays
were performed as described.'”®" The plasmids pIFN-
f-Fluc and pRL-CMV were cotransfected with NS3/4A
or N§4B, and ARIG-I, Cardif, STING or poly(deoxya-
denylic-deoxythymidylic) acid [poly(dA:dT)] (Invivo-
gen). RIG-IKA, ACARD, and pcDNA3.1, respectively,
were used as controls. Luciferase assays were performed
24 hours after transfection by using a 1420 Multilabel
Counter (ARVO MX PerkinElmer) and Dual Luciferase
Assay System (Promega). Assays were performed in trip-
licate, and the results are expressed as the mean * SD.

Immunoblotting. Preparation of total cell lysates
was performed as described.’””® Protein was separated
using NuPAGE 4%-12% Bis/Tris gels (Invitrogen) and
blotted onto an Immobilon polyvinylidene difluoride
membrane. The membrane was immunoblotted with
primary followed by secondary antibody, and protein
was detected by chemiluminescence.

Immunoprecipitation Assay. HEK-293T or Huh7
cells were transfected with plasmids as indicated.
Twenty-four hours after transfection, cellular proteins
were harvested and immunoprecipitation assays were
performed using an Immunoprecipitation Kit accord-
ing to the manufacturer’s protocol (Roche Applied Sci-
ence). The immunoprecipitated proteins were analyzed
by immunoblotting.

Indivect Immunofluorescence Assay. Cells seeded
onto tissue culture chamber slides were transfected
with plasmids as indicated. Twenty-four hours after
transfection, the cells were fixed with cold acetone and
incubated with primary antibody and subsequently
with Alexa488- or Alexa568-labeled secondary anti-

bodies. Mitochondria were stained by MitoTracker

(Invitrogen). Cells were visualized using a confocal
laser microscope (Fluoview FV10, Olympus).

BiFC Assay. Expression plasmids of NS4B, Cardif,
or STING that was fused with N- or C-terminally
truncated monomeric Kusabira-Green (mKG) were
constructed by inserting polymerase chain reaction—
amplified fragments encoding NS4B, Cardif, or
STING, respectively, inserted into fragmented mKG
vector (Coral Hue Fluo-Chase Kit; MBL). HEK293T
cells were transfected with a complementary pair of
mKG fusion plasmids. Twenty-four hours after trans-
fection, fluorescence-positive cells were detected and
counted by flow cytometry, or observed by confocal
laser microscopy.

HEPATOLOGY, January 2013

Small Interfering RNA Assay. Nucleotide sequences
of STING-targeted small interfering RNAs (siRNAs)
were as follows: (1) 5'-gcaacagcatcratgagctictggagaac-3',
(2) 5'- gtgcagtgagecagegectgratattetc-3’, (3) 5'-getggeat
ggtcatattacatcggatatc-3'.~"  Stealth RNAi  Negative
Control Duplex (Medium GC Duplex, Invitrogen)
was used. Forry-eight hours after siRNA transfection,
expression levels of STING were detected by
immunoblotting.

Statistical ~ Analyses. Statistical  analyses  were
performed using unpaired, two-tailed Student # test.
P < 0.05 were considered to be statistically significant.

Resuits

NS4B Suppressed RIG-I, Cardif, and STING-
Mediated  Activation of IFN-B  Expression
Signaling. First, we performed a reporter assay using a
luciferase reporter plasmid regulated by native IFN-f
promoter. Consistent with our previous study,'” over-
expression of NS4B, as well as NS3/4A, inhibited the
IFN-S promoter activation that was induced by
ARIG-I and Cardif, respectively (Fig. 1A). We next
studied whether NS4B targets STING and inhibits
RIG-I pathway—mediated activation of IFN-§ produc-
tion. Expression of NS4B protein significandy
suppressed STING-mediated activation of the IFN-f
promoter reporter, whereas expression of NS3/4A
showed no effect on STING-induced IFN-f promoter
activity (Fig. 1A). To study whether NS4B blocks the
STING-mediated DNA-sensing pathway, we per-
formed a reporter assay using a luciferase reporter plas-
mid cotransfection with poly(dA:dT), which is a syn-
thetic analog of B-DNA and has been reported to
induce STING-mediated IFN-f# production and
NS4B. NS4B significantly blocked poly(dA:dT)-
induced IFN-f promoter activation, suggesting that
NS4B may block STING signaling in the DNA-
sensing pathway (Fig. 1A).

Activation of RIG-I signaling induces phosphoryla—
tion of IRF-3, which is a hallmark of IRF-3 activa-
tion.>* Thus, we examined the effects of NS3/4A and
NS4B expression on phosphorylation of IRF-3 by im-
munoblotting analysis. As shown in Fig. 1B, overex-
pression of ARIG-I, Cardif, or STING in HEK293T
cells increased levels of phosphorylated IRF-3 (pIRF-
3). Expression of NS4B impaired the IRF-3 phospho-
rylation that was induced by ARIG-I, Cardif, or
STING. NS3/4A also blocked production of pIRE-3
induced by ARIG-I or Cardif. Intriguingly, NS3/4A
did not block STING-induced pIRF-3 production.
These results demonstrate that both NS3/4A and
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Fig. 1. NS4B suppressed IFN-§ signaling mediated by RIG-I, Cardif, or STING. (A} Plasmids expressing ARIG-I, Cardif, or STING or poly(dA:dT)
as well as NS3/4A or NS4B were cotransfected with pIFN-S-Fluc and pRL-CMV into HEK293T cells. After 24 hours, dual luciferase assays were’
performed. Plasmids expressing RIG-IKA, ACARD, or an empty plasmid (pcDNA) were used as a corresponding negative control. The experiments
were performed more than three times and yielded consistent results. The y axis indicates relative IFN-f-Fluc activity. Assays were performed in
triplicate and error bars indicate mean = SD. *P < 0.05. (B) HEK293T cells were cotransfected with indicated plasmids. On the day after trans-
fection, the cells were lysed and immunoblot analyses were petformed. No Tf, transfection-negative controls. plRF-3 and IRF-3, phosphorylated

and total IRF-3, respectively.

NS4B suppress RIG-I-mediated IFN-f production,
but they do so by targeting different molecules in the
signaling pathway.

Subcellular Localization of NS4B, Cardif, and
STING. We next studied the subcellular localization
of NS4B following its overexpression and measured
the colocalization of NS4B with Cardif and STING in
both HEK293T cells and Huh7 cells by indirect im-
munofluorescence microscopy. NS4B was localized
predominantly in the ER, which is consistent with pre-
vious reports® (Fig. 2A). Cardif was localized in mito-
chondria but did not colocalize with the ER-resident
host protein disulphide-isomerase (PDI). Interestingly,
Cardif and NS4B colocalized partly at the boundary of

although their original localization
was different (Fig. 2A,C). STING was localized pre-
dominantly in the ER20:2 (Fig. 2B,D). STING colo-
calized partly with Cardif, which is consistent with a
previous report by Ishikawa and Barber®® (Fig. 2B,D).
In cells cotransfected with NS4B and STING expres-
sion plasmids, NS4B colocalized precisely with STING
(Fig. 2B,D). To examine the region of NS4B-STING
interaction, we next observed the two proteins by per-
forming staining for them along with mitochondria-
associated ER membrane (MAM), which is a physical
association with mitochondria®® and has been reported
the site of CardifSTING association.”* Both NS4B
and STING were adjacent to and partially colocalized

the two proteins,
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Fig. 2. Subcellular localization of NS4B, Cardif, and STING. (A-D) Subcellular localization of NS4B, Cardif, and STING in 293T (A,C) and
Huh7 (B,D) cells. (A,C) NS4B-myc (first, second, and fifth panels of A and third panel of C) was transfected, and 24 hours later the cells were
fixed and immunostained with anti-myc. In the third, fourth, and fifth panels of A, and the first and second panels of C, endogenous Cardif was
detected with anti-Cardif antibody. ER was immunostained with anti-PDI antibody (first and third panels of A and first panel of C). Mitochondria
were stained using Mitotracker (second and fourth panels of A and second panel of C). Nuclei were stained with 4',6-diamidino-2-phenylindole
(DAP1). (B,D) STING-HA (all panels) and NS4B-myc (third panels) were transfected, and after 24 hours the cells were fixed and immunostained
with anti-HA or anti-myc, respectively. In the fourth panels, endogenous Cardif was detected with anti-Cardif antibody. ER was immunostained
with anti-PDI antibody (first panels). Mitochondria were stained using Mitotracker (second panels). Nuclei were stained with DAPI. (E) NS4B-myc
and STING-HA were transfected into Huh7 cells and after 24 hours the cells were fixed and immunostained with anti-HA, anti-mye, and anti-
FACL4 (MAM) antibody. Cells were visualized by confocal microscopy. Scale bars indicate 5 um. In each microscopic image, the grade of protein
colocalization in a single cell was quantified and is shown in the graphs at the bottom of each panel. Values are shown as the average colocali-
zation ratio in 8 cells. Error bars indicate the mean + SD.

176



HEPATOLOGY, Vol. 57, No. 1, 2013 NITTA, SAKAMOTO, ET AL. 51

C  cadf PO merge D srncHa PDI merge

Cardif - Mitotracker merge STING-HA Mitotracker merge

NS4B-myc N§4B-myc STING-HA

STING-HA Cardif merge

colocalization ratio
colocalization ratio

STING-HA

MAM(FACL4)

NS4B-myc

STING+NS4B NS4B+MAM STING+MAM All

Fig. 2. Continued

with fatty acid-CoA ligase long chain 4 (FACL4), Protein-Protein Interaction Between NS4B, Car-.
which is a MAM marker protein®® (Fig. 2E). These dif, and STING. Knowing that NS4B was colocalized
findings suggest that NS4B might interact with strongly with STING and only partly with Cardif, we
STING on MAM more strongly than with Cardif. next analyzed direct protein-protein interactions
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NS4B-mKG

between NS4B, Cardif, and STING. To detect those
interactions in living cells, we performed BiFC
axssays.37’38 We constructed NS4B, Cardif, and STING
expression plasmids that were N- or C-terminally
fused with truncated mKG proteins, respectively. First,
we cotransfected several different pairs of NS4B and
STING expression plasmids that were fused with com-
plementary pairs of N- or C-terminally truncated
mKG. Strong fluorescence by mKG complexes (BiFC
signal) was detected in all pairs of cotransfections, sug-
gesting significant molecular interaction (Fig. 3A). In
flow cytometry, all pairs of NS4B- and STING-mKG
fusion proteins were positive for strong BiFC signal
(Fig. 3B). The percentages of cells positive for BiFC

cells. After 24 hours, the cells were
fixed and immunostained with anti-
mKG and anti-PDI (ER) antibody.
Nuclei were stained with DAPL. Cells
were observed by confocal micros-
copy. Scale bars = 5 um.

signal were significantly higher in STING-mKG and
NS4B-mKG fusion complexes than in corresponding
controls (Fig. 3C). These results demonstrate that
HCV-NS4B and STING proteins- interact with each
other strongly and specifically in cells. Fluorescence
microscopy indicated that N- and C-terminal fusion
of mKG onto NS4B and STING did not affect sub-
cellular localization (Fig. 3D).

We next studied the molecular interaction between
NS4B and Cardif by BiFC assay using NS4B and Car-
dif fusion plasmids that were tagged with complemen-
tary pairs of truncated mKG. Weak fluorescence was
detected in cells transfected with the pairs N-Cardif
and NS4B-C, N-Cardif and C-NS4B, C-Cardif and
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