Lo L

P

1\

o LN A D

Double-stranded DNA and double-stranded RNA
induce a common antiviral signaling pathway

in human cells
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Virus infection triggers IFN immune defenses in infected cells in
part through viral nucleic acid interactions, but the pathways by
which dsDNA and DNA viruses trigger innate defenses are only
partially understood. Here we present evidence that both retinoic
acid-induced gene | (RIG-I) and mitochondrial antiviral signaling
protein (MAVS) are required for dsDNA-induced IFN-B promoter
activation in a human hepatoma cell line (Huh-7), and that activa-
tion is efficiently blocked by the hepatitis C virus NS3/4A protease,
which is known to block dsRNA signaling by cleaving MAVS. These
findings suggest that dsDNA and dsRNA share a common pathway
to trigger the innate antiviral defense response in human cells,
although dsDNA appears to trigger that pathway upstream of the
dsRNA-interacting protein RIG-I.
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he host innate immune system senses nonself entities through

specific molecular pattern recognition (1). Nonself nucleic
acids are recognized by two types of receptors. Toll-like recep-
tors (TLRs) are localized on the cell surface or in endosomes.
dsRNA is recognized by TLR-3, whereas ssRNA is recognized
by TLR-7 and -8. TLR-9, a sensor of foreign DNA, recognizes
certain CpG oligodeoxynucleotides (2). However, only a subset
of cells that activate type I IFN in response to pathogen invasion
do so through TLRs (1). Recent studies have shown that
intracellular dsRNA can be recognized by another group of
receptors that are TLR-3-independent (3, 4). Intracellular
dsRNA can be specifically recognized by either retinoic acid-
induced gene I (RIG-I) (3) or melanoma differentiation-
associated gene 5 (MDADS) (4). Both RIG-I and MDAS contain
DExD/H-box helicase domains and caspase recruitment do-
mains (CARDs). After dsRNA binding occurs, RIG-I and
MDAS use their tandem CARD domains to interact with the
CARD domains of mitochondrial antiviral signaling protein
(MAYVS) (also known as IPS-1, Cardif, or VISA) (5).

Notably, both the TLR-3 and the RIG-I/MDAS signaling
pathways induce type I IFN through the activation of IFN
regulatory factor 3 (IRF-3) or IRF-7 (6). IRF-3 and -7 normally
reside in the cytoplasm in an inactive state. Phosphorylation by
the kinases Tank-binding kinase (TBK)-1- or I-«kB kinase-¢
(IKK-¢) triggers IRF-3 and -7 nuclear translocation and tran-
scription of type I IFN genes (1, 5). In addition, both signaling
pathways activate NF-«B and the expression of inflammatory
cytokines (1, 3). As a countermeasure, many viruses have
evolved strategies to inhibit the innate signaling events leading
to IFN production. For example, the hepatitis C virus (HCV)
NS3/4A protease blocks the RIG-I-mediated signaling pathway
by cleaving the MAVS protein and blocking downstream IFN-f3
gene expression (7-10).

TLR-9, the only known primary sensor of foreign DNA,
recognizes unmethylated CpG DNA (11). Accumulating evi-
dence, however, has suggested that DNA can also be recognized
by a TLR-9 independent receptor (12-14). For example, DNA
derived from either pathogens or the host activates the innate
immune response when transfected into the cytoplasm (12, 13,
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15), and this activation depends on the double-stranded struc-
ture of DNA (16). Secondly, DNase II-deficient macrophages
that cannot degrade DNA from phagocytosed apoptotic cells
produce IFN-B independently of TLR-9 (14, 17). Furthermore,
microarray analysis reveals an overlapping but unique gene
expression profile activated by intracellular (cytosolic) DNA
compared with the TLR-9-mediated response (13).

Recent reports have shown that IFN-B promoter activation by
cytosolic dsDNA requires the transcription factor IRF-3 and the
kinases TBK-1/IKK-¢, and is independent of TLRs, NOD pro-
teins, and RIP2 (12, 13, 15). Additionally, cytosolic dsDNA-
induced IFN-B production in human HEK293 cells has been
partially suppressed by MAVS-specific siRNA (12), suggesting
that MAVS may mediate dsDNA-signaling in human cells. In
contrast, dsDNA-induced IFN-B production is normal in RIG-
I-deficient mouse embryo fibroblasts (MEFs) (12) and in
MAVS-deficient MEFs (18, 19), indicating that dSDNA signal-
ing is both RIG-I- and MAVS-independent in mice. Thus, it has
been hypothesized that cytosolic DNA is recognized by an
unknown sensor that is different from dsRNA sensors and
transduces the DNA signal through the activation of TBK-1/
IKK-¢ (18, 19).

In this report, we used the Huh-7 human hepatoma cell line
to demonstrate that dsDNA is a potent inducer of IFN-S and
IFN-stimulated gene expression. In contrast to the results ob-
tained in murine systems, we found that both RIG-I and MAVS
are essential for the cytosolic dsDNA-signaling pathway in
human cells. Collectively, these results demonstrate that a com-
mon signaling pathway is triggered by dsDNA and dsRNA in
human cells, and they imply that the dsSDNA-sensing machinery
is different in mice and humans.

Results

Activation of IFN-B Expression by Cytosolic dsDNA in Huh-7 Cells. To
determine whether cytosolic dsDNA can activate IFN-$ pro-
duction in Huh-7 cells, cells were first transfected with the IFN-
promoter luciferase reporter. Thirty-six hours after transfection,
cells were either mock transfected or transfected with various
DNA stimuli (1.0 pg/ml) by using Lipofectamine 2000. In
parallel, a synthetic form of dsRNA, poly(I):poly(C) [poly(I:C)],
was transfected as a positive control. As reported (10), dsSRNA
but not ssSRNA induced IFN-B expression in Huh-7 cells (Fig.
14). Importantly, a synthetic form of dsDNA, poly(dA-
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Fig.1. CytosolicdsDNA activates the IFN-Bpromoterin Huh-7 cells. (A) Huh-7
cells were first cotransfected with the IFN-B promoter luciferase reporter
plasmid, an internal control plasmid pRL-TK, and a carrier plasmid pcDNA3.1.
At 36 h after transfection, cells were either mock-transfected or transfected
with various DNA or RNA stimuli (1.0 ng/ml) using Lipofectamine 2000. Cells
were subjected to dual luciferase assay 16 h after transfection. The results are
expressed as fold induction of IFN-8 promoter activity relative to the basal
level. (B) Dose titration of dsDNA and dsRNA to induce IFN-B promoter
activation. The experimental conditions were the same as in A except that the
indicated amount of dsDNA or dsRNA was transfected. (1-6: 0.125, 0.25, 0.5,
1.0, 2.0, and 4.0 ug/ml).

dT):poly(dA-dT) [poly(dAT:dAT)], was also able to induce
IFN-B promoter activation (Fig. 14) and IFN-stimulated gene
expression [see supporting information (SI) Fig. 6A4] in the cells.
In addition, intracellular poly(dAT:dAT) was able to efficiently
induce NF-kb responsive genes, e.g., CCI5, CxCL9, CxCL10, and
ICAM-1 (SI Fig. 6B). Interestingly, other dsDNAs, including
mouse and human genomic DNA, sperm DNA, plasmid DNA,
and other synthetic ssSDNA or dsDNA, failed to or very weakly
activated the IFN-B promoter (Fig. 1A4). Similar results were
obtained when these DNAs were transfected into Huh-7 cells at
a higher concentration (10.0 png/ml) (data not shown).

To confirm the specific induction of IFN- promoter activation
by intracellular dsDNA poly(dAT:dAT), three additional experi-
ments were carried out. First, the poly(dAT:dAT) purchased from
a different company (Sigma, St. Louis, MO) was tested, and the
results shown in Fig. 1B indicate that the two dsDNAs activate the
IFN-B promoter equally well. Dose titration of the two dsDNAs and
dsRNA clearly shows that the poly(dAT:dAT) is at least as efficient
as poly(I:C) in Huh-7 cells (Fig. 1B). Second, to rule out the
possibility that these results reflected the presence of trace amounts
of dsRNA contaminants in the dsDNA preparations, we showed
that poly(dAT:dAT) is fully active after RNase A digestion but not
after DNase I digestion (SI Fig. 6C). Finally, although transfected
poly(dAT:dAT) efficiently induced IFN-B or IFN-stimulated gene
expression in Huh-7 cells, it failed to do so when it was simply added
to the culture medium (SI Fig. 64). Taken together, these results
suggest that, like dSRNA, intracellular (cytosolic) dsDNA, in par-
ticular poly(dAT:dAT), can be sensed in Huh-7 cells, where it
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Fig. 2. MAVS is essential for dsDNA-induced IFN-B promoter activation. (A
and B) RIG-1 and IRF-3 dominant-negative mutants block dsDNA-induced IFN-3
promoter activation. Huh-7 cells were cotransfected with the IFN-8 promoter
luciferase reporter and plasmid pRL-TK in the presence of an empty vector or
a plasmid expressing RIG-IC or IRF-3 AN. Thirty-six hours later, cells were
mock-transfected or transfected with poly(dAT:dAT) or poly(l:C). Luciferase
activities were measured 16 h after transfection. (C) Knockdown of MAVS
blocks dsDNA-induced IFN-B promoter activation. siRNAs were transfected
into Huh-7 cells as described in Material and Methods. At 24 h after transfec-
tion, cells were transfected with the IFN-B promoter luciferase reporter and
subjected to the luciferase reporter assay.

efficiently triggers the host innate immune response to induce
IFN-B.

dsDNA-Induced IFN-g Expression Depends on MAVS. Previous studies
in mouse cells have shown that dsDNA-induced IFN- expres-
sion depends on IRF-3 and TBK-1/IKK-¢ but not MAVS or
RIG-I (12, 13, 18, 19). To further characterize dsSDNA-induced
signaling, we first cotransfected Huh-7 cells with a construct that
expresses either a dominant-negative form of IRF-3 (IRF-3 AN)
or a dominant-negative form of RIG-I (RIG-IC) together with
the IFN-B promoter luciferase reporter, and we examined them
for IFN-B promoter activity with and without transfection of
poly(dAT:dAT) or poly(I:C).

As shown in Fig. 2 A and B, consistent with the known
requirement of RIG-I and IRF-3 for intracellular dsRNA sig-
naling, expression of either of the dominant-negative mutants
RIG-IC or IRF-3 AN completely blocked dsRNA-induced
IFN-B promoter activation. Similarly, expression of both the
RIG-I and the IRF-3 dominant-negative mutants completely
blocked dsDNA-induced IFN-B promoter activation (Fig. 2 4
and B). The RIG-I results are surprising, because previous
results in mouse cells suggested that RIG-I is dispensable for
signaling by the dsDNA pathway. Confirming these results, we
showed that RIG-IC expression blocks dsDNA signaling in 293T
cells as well as in Huh-7 cells (SI Fig. 7).

Previous studies, mostly performed in mouse cells, suggest
that cytosolic dsDNA has a unique sensor whose downstream
signaling events converge with the dsRNA signaling pathway at
the level of TBK-1 and IRF-3 (12, 13, 18, 19). The results shown
in Fig. 2B indicate that IRF-3 is required for dsDNA signaling,
which is further supported by dsDNA-induced IRF-3 nuclear
accumulation, a hallmark of its activation (SI Fig. 8). However,
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the blockade of dsDNA signaling by RIG-IC indicates that
RIG-I and, perhaps other upstream signaling components, e.g.,
MAVS, could also be important for dSDNA signaling in human
cell lines. To examine this possibility, we asked whether MAVS
is required for dsDNA signaling by using siRNAs to specifically
inhibit MAVS gene expression in Huh-7 cells. Compared with a
negative-control siRNA or unrelated GFP siRNA, two indepen-
dent MAVS-specific siRNAs efficiently suppressed MAVS
mRNA by ~85% (SI Fig. 94). As expected, transfection of either
MAVS siRNA into Huh-7 cells inhibited dSRNA-induced IFN-f3
promoter activation by ~10-fold, confirming the essential role of
MAVS in the dsRNA signaling pathway (Fig. 2C, lanes 9 and 12).
Importantly, transfection of MAVS siRNA inhibited dsDNA-
induced IFN-B promoter activation to a similar degree (Fig. 2C,
lanes 8 and 11). Confirming this observation, both of the MAVS
siRNAs efficiently blocked IFN-B promoter activation induced
by a constitutively active form of RIG-I (RIG-IN) or MAVS but
not by a constitutively active form of IRF-3 (IRF-3 5D), which
acts downstream of MAVS (SI Fig. 9C). These results strongly
suggest that MAVS is essential for dsSDNA signaling in human
cells.

dsDNA-Induced IFN-gB Expression Is Blocked by the HCV NS3/4A Pro-
tease. We and others have recently reported that the HCV
NS3/4A protease prevents IFN-B promoter activation by pro-
teolytically cleaving MAVS (7-10). To further validate the
essential role of MAVS in the dsDNA signaling pathway, we
examined whether HCV infection blocks this pathway.

Huh-7 cells were infected by the HCV JFH-1 virus. At day 4
after infection, when >90% of the cells were infected (not
shown), cells were transfected with the IFN-B promoter reporter
construct. Thirty-six hours later, cells were then either mock-
transfected or transfected with poly(dAT:dAT) or poly(I:C).
HCV infection did not decrease cell transfection efficiency,
because HCV-infected cells displayed comparable levels of
activity of the control plasmid (pRL-TK) compared with mock-
infected cells (data not shown). As shown in Fig. 34, the IFN-3
promoter was activated ~40-fold in mock-infected cells trans-
fected with either poly(dAT:dAT) or poly(I:C) (Fig. 34, lanes 2
and 3), whereas it was not activated by either stimulus in
HCV-infected cells (Fig. 34, lanes 5 and 6), suggesting that HCV
infection blocks the dsDNA signaling pathway. Moreover, the
dsDNA signaling pathway was blocked in JFH-1 subgenomic
replicon cells (Fig. 3B, lane 4-6) and in cells containing a
replicon of a different HCV genotype (Con-1) (data not shown)
but not in cured replicon cells (Fig. 3B, lanes 7-9), further
indicated that the dsDNA signaling pathway is blocked by HCV.

To determine whether the blockade is mediated by viral
NS3/4A protease, JFH-1 NS3/4A was overexpressed in Huh-7
cells, which were then transfected with either poly(dAT:dAT) or
poly(I:C). The results shown in Fig. 3C clearly demonstrate that
the HCV NS3/4A protein could efficiently block the dsDNA
signaling pathway. However, NS3 alone had no effect, suggesting
that viral protease activity, which depends on NS3-NS4A inter-
actions (20), is critical for the inhibitory effect. Indeed, addition
of the specific NS3/4A protease inhibitor BILN2061 completely
blocked the inhibitory effect of NS3/4A (Fig. 3D), confirming
that HCV interrupts the dsDNA signaling pathway by virtue of
its NS3/4A protease activity. Because HCV NS3/4A is known to
cleave MAVS (7-10), these results provide further evidence that
MAVS is essential for dsSDNA signaling.

RIG-1 Is Required for dsDNA-Induced IFN-B Expression in Huh-7 Cells.
The inhibitory activity of RIG-IC and the essential role of
MAVS in the dsDNA signaling pathway suggest that RIG-I
could be important for cytosolic dsSDNA-dependent signaling in
human cell lines. To elucidate the role of RIG-I in dsDNA
signaling, two independent siRNAs targeting RIG-I (RIG-Ia
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Fig. 3. HCV NS3/4A blocks dsDNA-induced IFN-B promoter activation. (A)

HCV infection blocks dsDNA-induced IFN-B promoter activation. Huh-7 cells
were either mock-infected or infected with JFH-1 at a multiplicity of infection
of 1. On day 4 after infection, cells were transfected with the IFN-8 promoter
luciferase reporter and subjected to the luciferase reporter assay. (B) dsDNA-
induced IFN-B promoter activation is blocked in the HCV replicon cells. Paren-
tal Huh-7 cells, JFH-1 subgenomic replicon cells (SGJFH-1) and cured replicon
cells were transfected with the IFN-B promoter luciferase reporter and sub-
jected to the luciferase reporter assay. (C) HCV NS3/4A protease blocks dsDNA-
induced IFN-B promoter activation. Huh-7 cells were cotransfected with the
IFN-B promoter luciferase reporter and plasmid pRL-TK in the presence of an
empty vector or a plasmid expressing either NS3 or NS3/4A. 36 h later, the IFN-3
luciferase activity induced by poly(dAT:dAT) or poly(l:C) was assayed as de-
scribed in Materials and Methods. (D) BILN2061 prevents the blocking activity
of NS3/4A. The experimental conditions were the same as in C, except that the
protease inhibitor BILN2061 was added to the cells 1 h before plasmid trans-
fection at a final concentration of 5 uM.

was used in ref. 21) were used to suppress RIG-I expression in
Huh-7 cells. Compared with the negative control siRNA and an
unrelated GFP siRNA, both siRNAs efficiently reduced RIG-I
mRNA levels by 70-80% (SI Fig. 9B). Importantly, transfection
of either of the RIG-I siRNAs into Huh-7 cells inhibited
dsDNA-induced IFN-B promoter activation ~10-fold, similar to
their effect on dsRNA-induced signaling (Fig. 44). These results
indicate that RIG-I is essential for the dsDNA signaling pathway.

To confirm that RIG-I is required for dsDNA signaling, we
took advantage of the Huh-7-derived cell line Huh-7.5.1 (22) that
contains an inactivating point mutation in RIG-I (23) and
therefore is unresponsive to dsRNA (Fig. 4B, compare lane 3
with lane 6). However, the IFN-B promoter is activated equally
well in Huh-7 and Huh-7.5.1 cells by expression of a constitu-
tively active form of RIG-I (RIG-IN), as well as by wild-type
MAVS and IRF-3 5D, suggesting that the dsRNA signaling
pathway downstream of RIG-I is fully functional in these cells (SI
Fig. 10A). Strikingly, transfected dsDNA poly(dAT:dAT) failed
to induce IFN-B promoter activation in Huh-7.5.1 cells (Fig. 4B,
compare lane 2 with lane 5), further demonstrating that RIG-I
plays an essential role in the dsDNA signaling pathway.

To confirm that the dsDNA signaling deficiency in Huh-7.5.1
cells reflects their inactivating RIG-I mutation, we asked
whether wild-type RIG-I could restore dsDNA signaling in these
cells. As shown in Fig. 4C, RIG-I overexpression slightly en-
hanced poly(I:C) or poly(dAT:dAT)-induced IFN-B promoter
activation (Fig. 4C Left), but it enabled virtually unresponsive
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Fig. 4. RIG-l is essential for the dsDNA-induced IFN-B promoter activation.
(A) Knockdown of RIG-I blocks dsDNA-induced IFN-B promoter activation.
siRNAs were transfected into Huh-7 cells as described in Materials and Meth-
ods. At 24 h after transfection, cells were transfected with the IFN-3 promoter
luciferase reporter and subjected to the luciferase reporter assay. (B) dsDNA-
induced IFN-B promoter activation is absent in Huh-7.5.1 cells. Huh-7 and
Huh-7.5.1 cells were transfected with the IFN-B promoter luciferase reporter
and the luciferase activity induced by poly(dAT:dAT) or poly(I:C) was assayed
as described in Materials and Methods. (C) Wild-type RIG-I restores dsDNA-
induced IFN-B promoter activation in Huh-7.5.1 cells. Huh-7 (Left) or Huh-7.5.1
(Right) cells were cotransfected with the IFN-B promoter luciferase reporter
and plasmid pRL-TK in the presence of an empty vector or a plasmid expressing
wild-type RIG-I. The IFN-B luciferase activity induced by poly(dAT:dAT) or
poly(1:C) was assayed as in B.

Huh-7.5.1 cells to become highly responsive to transfected
poly(I:C) or poly(dAT:dAT) (Fig. 4C Right). Transfection of
poly(I:C) or poly(dAT:dAT) increased IFN-B promoter activa-
tion by 97- and 37-fold, respectively, in Huh-7.5.1 cells overex-
pressing RIG-I (Fig. 4C, lanes 11 and 12), compared with 2.3-
and 1.4-fold induction in Huh-7.5.1 cells transfected with the
empty vector (Fig. 4C, lanes 8 and 9) and to 113- and 49-fold
induction in Huh-7 cells overexpressing RIG-I (Fig. 4C, lanes 5
and 6). These results demonstrate that overexpression of wild-
type RIG-I is sufficient to restore the dsRNA and dsDNA
signaling in Huh-7.5.1 cells. In contrast, signaling components
downstream of RIG-I, including TBK-1, IKK-¢, and IRF-3
(MAVS was not included because the IFN- promoter is
strongly induced by its overexpression; see SI Fig. 104), failed to
restore the responsiveness to dsSRNA or dsDNA in Huh-7.5.1
cells, although overexpression of either of them induced IFN-f3
promoter activity to an equivalent degree in Huh-7.5.1 and
Huh-7 cells. (SI Fig. 10 A and B). Collectively, these results
demonstrate that RIG-I plays an essential role in the dsSDNA
signaling pathway.

DNA Viruses Can Activate the dsDNA Signaling Pathway. To deter-
mine the role of dsDNA signaling in DNA virus infections,
Huh-7 and Huh-7.5.1 cells were infected with herpes simplex
virus 1 (HSV-1) or adenovirus, as described in Materials and
Methods. As shown in Fig. 5, both HSV-1 and adenovirus
infection was much more robust in Huh-7.5.1 than in Huh-7 cells.
Moreover, we showed that HSV-1 and adenovirus DNA induce
IFN-B mRNA production when transfected into Huh-7 cells but
not Huh-7.5.1 cells, supporting the notion that both of these
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Fig.5. Huh-7.5.1 cells are more permissive to DNA virus infections. (A) HSV-1
infection is more productive in Huh-7.5.1 cells than in Huh-7 cells. (Left) Huh-7
and Huh-7.5.1 cells were transfected with purified HSV-1 DNA at a concen-
tration of 10 pg/ml by using lipofectamine 2000. At 18 h after transfection,
cells were harvested and the transcriptional levels of IFN-B and GAPDH were
analyzed by using RT-PCR described in Material and Methods. RT reactions
without reverse transcriptase were used for DNA contamination control.
(Right) Huh-7 and Huh-7.5.1 cells were infected with HSV-1 at multiplicity of
infection of 0.05. At 24 h after infection, HSV-1-infected cells were harvested
and virus titers were determined in Vero cells. (B) Adenovirus replicates more
efficiently in Huh-7.5.1 cells. The DNA transfection and adenovirus infection
were done similarly as described in A, except that adenovirus infection was
measured by the number of GFP-expressing cells.

DNA viruses have the potential to trigger the dsDNA signaling
pathway, and that they do so in a RIG-I-dependent manner.

Discussion

The results of this study provide evidence that cytosolic dsSDNA
is a potent inducer of IFN-B expression in human hepatoma
Huh-7 cells, and that this activation requires both the intracel-
lular dsRNA sensor RIG-I and its adaptor molecule MAVS, in
addition to TBK-1, IKK-¢, and IRF-3, which were previously
known to be required for dsDNA signaling (12, 13, 15). Our
results thus provide a previously undescribed finding that RIG-I
is required for dsDNA signaling in human cells, and they support
and extend previous findings by Ishii et al. (12, 18, 19) that
MAVS is required for dsDNA signaling in human cells. Notably,
siRNA-mediated suppression of MAVS expression as well as the
HCV NS3/4A protease, which cleaves and inactivates MAVS,
blocked dsDNA-induced signaling. Furthermore, RIG-I, an
intracellular dsRNA sensor, was shown to be essential for
dsDNA signaling as well. It is noteworthy that a single point
mutation in RIG-I in Huh-7.5.1 cells that renders RIG-I inca-
pable of signaling dsRNA also inhibits cell responsiveness to
dsDNA. In particular, overexpression of wild-type RIG-I in
Huh-7.5.1 cells restored the dsDNA signaling pathway. These
findings demonstrate that the dsDNA- and dsRNA-induced
innate immune signaling pathways share more components in
human cells than originally believed and imply the existence of
a mouse-specific dSDNA sensing machinery.

The different roles of RIG-I and MAVS in the human and
murine dsDNA signaling pathway are particularly intriguing.
The results presented here clearly demonstrate that both RIG-I
and MAVS are essential for the dsDNA signaling pathway in
human cells. However, convincing evidence from experiments
using RIG-I- and MAVS-deficient MEFs demonstrated that
neither of these molecules is essential for the dsDNA signaling
pathway in mice (12, 18, 19). It is unlikely that these differences
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are because of the dsDNA reagent poly(dAT:dAT), because it
was obtained from the same source in all studies. An alternative
explanation for these findings is that the roles of RIG-I and
MAVS in the dsDNA signaling pathway are species-specific. In
support of this, distinct roles for MAVS in mouse and human
cells have also been observed by Ishii et al. and Kumar et al. (12,
18). Moreover, although the type I IFN response to bacteria or
DNA virus infection is independent of MAVS in MEFs (18, 19,
24), it is essential in human lung epithelial cells (24). Further
studies are needed to validate this hypothesis.

The requirement for RIG-I in dsDNA signaling is supported
by evidence obtained using a dominant-negative mutant,
siRNAs, and a cell line (Huh-7.5.1) with an inactivating point
mutation in RIG-I (23). Importantly, we showed that HSV-1
and adenovirus DNA induce IFN-B mRNA production when
they are transfected into Huh-7 but not Huh-7.5.1 cells (Fig.
5), supporting the notion that viral dsDNA has the potential
to trigger the dsDNA signaling pathway, and that it does so in
a RIG-I-dependent manner. Interestingly, the single point
mutation in RIG-I renders Huh-7.5.1 cells unresponsive to
both dsRNA and dsDNA, suggesting that both ligands may be
recognized in a very similar manner. Indeed, overexpression of
wild-type RIG-I in Huh-7.5.1 cells completely restored both
the dsRNA and the dsDNA signaling pathway, suggesting that
RIG-I may act as a sensor of both dSRNA and dsDNA. To test
this hypothesis directly, we performed pulldown experiments
with poly(I:C)- and poly(dAT:dAT)-conjugated beads (see SI
Text) to determine whether RIG-I can bind dsDNA similar to
its known ability to bind to dsRNA (3, 23). Interestingly, RIG-I
was efficiently pulled-down by poly(I:C)- but not by the
poly(dAT:dAT)-conjugated beads (not shown). Furthermore,
RIG-I binding to poly(I:C)-conjugated beads was not reduced
by a 100-fold excess of poly(dAT:dAT). These results suggest
that, although RIG-I mediates the dsDNA signaling response,
it probably does not directly bind dsDNA itself. This sug-
gests the existence of an upstream signaling molecule that
senses dsDNA and signals through RIG-I to induce IFN-f
expression.

Another interesting observation in this study was that the
HCV NS3/4A protease blocks dsDNA-induced IFN-B promoter
activation in Huh-7 cells. We and others have shown that HCV
uses the NS3/4A protease to block dsRNA signaling and,
thereby, prevents IFN-S expression (7-10). Whether the ability
of NS3/4A to block dsDNA-induced IFN-B expression plays any
role in the pathogenesis of HCV infection is currently unknown.
Theoretically, it could facilitate the establishment and persis-
tence of viral infection by cleaving MAVS when immunostimu-
latory dsDNA is produced, such as from apoptotic cells. More
studies will be necessary to examine this possibility.

Finally, how does the cytosolic dsSDNA pathway differentiate
between self and nonself dSDNA? Self (i.e., genomic) DNA is
normally excluded from the cytosol and therefore inaccessible.
However, when DNA virus infection or intracellular bacterial
infection occurs, DNA release into the cytosol could be recog-
nized by the innate dsDNA signaling sensor (13). In addition, the
innate immune system might be able to differentiate between self
and foreign nucleic acids. For example, poly(dAT:dAT) was the
strongest DNA inducer of IFN- gene expression compared with
other forms of dsDNA, suggesting that a certain DNA structure
is preferentially recognized. Recently, one study elegantly dem-
onstrated that the B- but not Z-form of DNA possesses stimu-
latory activity (12). Moreover, it has been reported that HSV-1
(25) has multiple AT-rich regions in its genome, and certain
other pathogens [e.g., Plasmodium falciparum (26)] also contain
AT-rich genomes. Interestingly, recent studies indicate that, in
bacteria at least, host cells can detect and respond to foreign
DNA based on their differences in AT content (27). In addition,
poly(dA:dT) induces dsDNA signaling much more efficiently in
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mouse macrophages than in MEFs (12, 19), suggesting that
signaling is probably both species- and cell type-specific. Clearly,
self/nonself discrimination is important for the host, because its
absence or failure could result in IFN-dependent autoimmunity
(14, 17). Further studies are required to provide more insight
into the mechanisms of DNA-induced innate immune activation,
host defense, and DNA-associated immune disorders.

Materials and Methods

Cell Culture and Reagents. Huh-7 and Huh-7.5.1 cells were de-
scribed (22). HEK-derived 293T cells, Vero cells, and HSV-1 (F
strain) were obtained from American Type Culture Collection
(Bethesda, MD). Adenovirus (Ad5-GFP) was provided by U.
Protzer (28). All cells were maintained as described (22).
Poly(I:C), polyl, and polyC were purchased from Sigma. Poly-
(dAT:dAT), poly(dA:dT), poly(dGC:dGC), poly(dA), and
sperm DNA were purchased from Amersham Biosciences (Pitts-
burgh, PA). Plasmid pEGFP-N1 and mouse and human genomic
DNA were purchased from Clontech (Mountain View, CA).
DNase I and RNase A were purchased from Ambion (Austin,
TX) and Invitrogen (Carlsbad, CA), respectively.

Plasmids. The IFN-B promoter-containing plasmid, pIFA(-125)
lucter, and the expression plasmids pRL-TK, TBK-1, IKK-¢, and
MAVS have been described (10). The plasmids of the wild-type
IRF-3, the constitutively active form IRF-3(5D), and the dom-
inant-negative form IRF-3 AN were gifts from J. Hiscott (McGill
University, Montreal, PQ, Canada) (29). The expression plas-
mids for wild-type RIG-I, its constitutively active mutant
(RIG-IN), and the dominant-negative mutant (RIG-IC) were
obtained from T. Fujita (3). To construct expression plasmids of
HCV NS3 and NS3/4A proteins, DNA fragments encoding the
corresponding genes were amplified from the JFH-1 subgenomic
replicon construct pSGJFH-1 (30) by PCR and cloned into the
expression vector pcDNA3.1 (Invitrogen). The PCR primers
used for NS3 and NS3/4A are listed in SI Table 1.

HCV Infection and RNA Analysis. These experiments were per-
formed as described in ref. 10. Details are provided in SI Text.

DNA Virus Infection and Viral DNA Preparation. Huh-7 and Huh-
7.5.1 cells were seeded at a density of 6 X 103 cells in T25 flasks.
After overnight culture, cells were infected with virus at multi-
plicity of infection 0.05 and 1.0 for HSV-1 and adenovirus,
respectively, and incubated at 37°C in complete growth medium.
At 24 h postinfection, the virus yield (TCID50/ml) of HSV-1
infection was titrated in Vero cells as described (31). Adenovirus
infection was measured by GFP expression. HSV-1 viral DNA
was prepared from infected Vero cells, as described (31).
Adenovirus virus DNA was extracted from infected 293 cells by
modified Hirt’s procedure (28). Both viral DNAs were digested
by RNase A and purified by standard DNA phenol/chloroform
extraction, as described (32).

RNA Interference. The siRNA duplex composed of 21-bp sense
and antisense oligonucleotides was synthesized by Qiagen (Va-
lencia, CA). The sequences of the siRNA oligos used in this study
were as follows (only the sense strands are shown): MAVSa
(899-917), CCACCUUGAUGCCUGUGAAUU; MAVSb
(142-162) UUGCUGAAGACAAGACCUAUA; RIG-Ia
(2363-2381), AAUUCAUCAGAGAUAGUCAUU; RIG-Ib:
(358-378), and AAGGCUGGUUCCGUGGCUUUU. Control
siRNAs (AllStars Negative Control siRNA and GFP-siRNA)
were purchased from Qiagen. Huh-7 cells were transfected with
50 nM siRNA by using TransIT-siQUEST (Mirus Bio Corp.,
Madison, WI) according to the manufacturer’s protocol. At 24 h
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after transfection, cells were subjected to plasmid transfection
and reporter assay. Knockdown of targeted genes was verified by
RT-quantitative PCR.

Transfection and Reporter Assay. The plasmid DNA transfection
and IFN-B promoter luciferase reporter assay were performed as
described (10). In selected experiments, 36 h after transfection,
cells were either mock-transfected or transfected with 0.3 ug of
various dsDNA or dsRNA stimuli, using Lipofectamine 2000
(Invitrogen). To examine the effect of the protease inhibitor
BILN2061 (33) (Boehringer Ingelheim, Quebec, PQ, Canada),
cells were cultured with medium containing 5 uM BILN2061 for
1 h before transfection. All experiments were performed at least
twice, with at least duplicate samples in each study. Results are
presented as mean * standard deviation of a representative
experiment.
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