Cellular & Molecular Immunology (2014) 11, 49-57
© 2014 CSl and USTC. Al rights reserved 1672-7681/14 $32.00

www.nature.com/cmi

RESEARCH ARTICLE

The interaction between the helicase DHX33 and IPS-1 as
a novel pathway to sense double-stranded RNA and RNA
viruses in myeloid dendritic cells

Ying Liu', Ning Lu?, Bin Yuan’, Leiyun Weng’, Feng Wang', Yong-Jun Liu® and Zhigiang Zhang’

In eukaryotes, there are at least 60 members of the DExD/H helicase family, many of which are able to sense viral nucleic
acids. By screening all known family members, we identified the helicase DHX33 as a novel double-stranded RNA
(dsRNA) sensor in myeloid dendritic cells (mDCs). The knockdown of DHX33 using small heteroduplex RNA (shRNA)
blocked the ability of mDCs to produce type | interferon (IFN) in response to poly I:C and reovirus. The HELICc domain of
DHX33 was shown to bind poly I:C. The interaction between DHX33 and IPS-1 is mediated by the HELICc region of
DHX33 and the C-terminal domain of IPS-1 (also referred to MAVS and VISA). The inhibition of DHX33 expression by RNA
interference blocked the poly I:C-induced activation of MAP kinases, NF-kB and IRF3. The interaction between the
helicase DHX33 and IPS-1 was independent of RIG-I/MDA5 and may be a novel pathway for sensing poly I:C and RNA
viruses in mDCs.
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INTRODUCTION

The innate immune system is able to recognize pathogenic
microbes as foreign invaders and eliminate them. The key steps
necessary for innate immune responses are the rapid detection
of the invader and the induction of type I interferon (IFN) and/
or pro-inflammatory cytokines. A growing number of recep-
tors/sensors for pathogen RNA and poly I:C are currently being
discovered. The Toll-like receptors (TLRs) are a class of mem-
brane receptors that sense extracellular microbes and trigger
anti-pathogen signaling cascades.' The NOD-like receptors
can sense intracellular microbes.*” The helicase-domain-con-
taining antiviral proteins can sense intracellular viral RNA.%™
In addition, there are cytoplasmic molecules that can sense
microbial, as well as non-microbial, danger signals. There are
multiple members of the DExD/H helicase family in eukar-
yotes. It has been reported that the RIG-I-like DExD/H heli-
cases RIG-I, MDAS5, LGP2 and DICER, as well as DDX3, are
able to sense poly I:C or viral nucleic acids.®*'>!" Using bio-
tinylated-poly I:C and biotinylated-CpG pulldown assays and

mass spectrometry, we identified DHX36 and DHX9 as cyto-
solic CpG-DNA sensors that pair with MyD88 to trigger type I
IFN responses in plasmacytoid dendritic cells.'> We also
showed that DDX1-DDX21-DHX36 complexes pair with
TRIF to sense cytosolic poly I:C in myeloid dendritic cells
(mDCs)."? By screening proteins containing double-stranded
RNA (dsRNA) binding motifs, we found that DHX9 pairs with
IPS-1 to sense poly I:C in mDCs."* DDX60 was recently iden-
tified as a novel DNA/RNA sensor that has the ability to bind
both viral RNA and DNA and to promote RIG-I-dependent
IEN production in response to dsRNA.'” DDX3 was found to
bind IPS-1 and promote RIG-I-independent IFN production
in response to dsRNA."" These studies demonstrate the essen-
tial and broad role of the DExD/H helicase family in viral RNA/
DNA sensing by serving either as direct sensors or positive
regulators of the involved signal transduction pathways.

In this study, we investigated the potential roles of all 60
DExD/H helicase family members in poly I:C-induced IFN-f3
responses using small interfering RNA (siRNA) and small
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heteroduplex RNA (shRNA) screening. We report the iden-
tification of DHX33 as a novel dsRNA sensor in mDCs.

MATERIALS AND METHODS

Materials

Poly I:C and lipopolysaccharide (LPS) were purchased from
Invivogen (San Diego, CA, USA). Lipofectamine 2000 was pur-
chased from Invitrogen. The following antibodies were used for
immunoprecipitation and/or immunoblotting: anti-DHX33
(Lifespan Biosciences, Seattle, WA, USA), anti-IRF3 (Santa Cruz,
Dallas, TX, USA), anti-MDAS5, anti-RIG-I, anti-IPS-1, anti-p65,
anti-phospho-IRF3 and anti-phospho-p65 (Cell Signaling,
Danvers, MA, USA), anti-B-actin, anti-HA-HRP and anti-Myc-
HRP (Sigma, St Louis, MO, USA). Anti-HA and anti-Myc beads
were purchased from Sigma (St Louis, MO, USA). NeutrAvidin-
beads were purchased from Pierce (Pittsburgh, PA, USA).

Mouse embryonic fibroblast (MEF) cell culture and
lentiviral infection

MEFs were maintained in Dulbecco’s modified Eagle medium
containing 15% heat-inactivated fetal calf serum and 1% peni-
cillin-streptomycin  (Invitrogen-GIBCO, Grand Island, NY,
USA). MEFs were infected with a lentiviral vector carrying a
DHX33 shRNA sequence, an IPS-1 shRNA sequence or a
scrambled shRNA. Infected cells were selected by adding puro-
mycin (1 ng/ml) to the medium 2 days post-infection. Cells were
stimulated with poly I:C (2.5 pg/ml) plus Lipofectamine 2000 for
16 h. RNA was extracted from the stimulated cells and analyzed
by real-time RT-PCR to determine the knockdown efficiency.

RNA interference

D2SC mDC cell culture and the preparation of GM-CSF-derived
DCs were performed as previously described.'? For siRNA knock-
down, 0.5 million D2SC mDCs were transfected with 0.4 nmol
of siRNAs (Dharmacon, Pittsburgh, PA, USA) using the Mouse
Dendritic Cell Nucleofector Kit (Amaxa, Allendale, NJ, USA). The
program number for electroporation was Y001. Twenty-four
hours post-transfection, the cells were stimulated with poly I:C
for 16 h. RNA was extracted from the collected cells and used in
RT-PCR. For shRNA knockdown, shRNA lentiviral vectors were
purchased from Open Biosystems (Pittsburgh, PA, USA) (target
for IPS-1, clone TRCN0000124770; targets for DHX33, clone
TRCNO0000113057 (DHX33-a) and TRCN0000113059 (DHX33-
b)). For the rescue experiment, the knockdown of DHX33 in
D2SC cells was achieved using shRNA targeting the 3" UTR of
DHX33 (clone TRCNO0000113058).

In vitro pulldown and immunoblotting assay

To prepare purified DHX33 and IPS-1 proteins, HEK293T cells
were transfected with an expression plasmid encoding the full-
length or truncated versions of HA-DHX33 or Myc-IPS-1.
Lysates were prepared from the transfected cells and were incu-
bated with anti-HA or anti-Myc beads. Proteins were eluted
from the beads after washing with phosphate-buffered saline
six times. For anti-HA bead or anti-Myc bead pulldowns, puri-
fied HA-DHX33 protein was incubated with purified Myc-IPS-1
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protein for 1 h. Beads were added, and following a 1-h incuba-
tion, the bound complexes were pelleted by centrifugation. The
proteins and beads were analyzed by immunoblotting with
anti-HA-HRP or anti-Myc-HRP antibodies. For NA-bead pull-
downs, the purified HA-DHX33 proteins were incubated for 2 h
with biotin-labeled poly I:C. Following incubation with the NA-
beads, the bound complexes were pelleted by centrifugation and
analyzed by immunoblotting with an anti-HA antibody. To
determine the DHX33 binding specificity, pulldown assays were
repeated in the absence and presence of increasing amounts (0.5,
5 and 50 pg/ml) of unlabeled poly I:C or poly U.

RNA extraction and quantitative PCR

Total RNA was isolated from cells using the RNeasy kit
(Qiagen, Valencia, CA, USA). Trace amounts of DNA in the
RNA extract were digested with DNase (Qiagen). cDNA was
prepared using SuperScript II (Invitrogen, Grand Island, NY,
USA) and random hexamer primers. Quantitative PCR
(QPCR) amplification was performed using the TagMan uni-
versal master mix (Applied Biosystems, Carlsbad, CA, USA)
and a 7500 Fast Real-Time PCR system (Applied Biosystems,
Carlsbad, CA, USA). The following primers were used for
QPCR: DHX33: forward 5'-TGCGTGAAGCAATTTCAGAC-
3" and reverse 5'-AGGTCGACATCCATGGTAGC-3'; IPS-1:
forward 5'-AGAGCAACTCCTCCAGACCA-3" and reverse
5'-AACGGTTGGAGACACAGGTC-3’; IFN-: forward 5'-C-
CCTATGGAGATGACGGAGA-3’ and reverse 5'-TCCCACG-
TCAATCTTTCCTC-3'; and GAPDH: forward 5'-ACCCAG-
AAGACTGTGGATGG-3" and reverse 5'-CAGTGAGCTTCC-
CGTTCAG-3'.

Signal transduction

D2SC cells were stimulated with 2.5 pg/ml poly I:C delivered by
Lipofectamine 2000. The cells were lysed in RIPA buffer after
stimulation for 0, 30, 60 or 120 min. The lysates were resolved
by 4%-20% SDS—-PAGE and blotted with antibodies recogniz-
ing the phosphorylated and unphosphorylated forms of p65,
Erk1/2, p38 and IRF3.

RESULTS

DHX33 senses both poly I:C and RNA viruses in D2SC mDCs
The DExD/H helicase family members have been shown to play
important roles in sensing dsRNA and viral infection. We
assessed the potential roles of all 60 DExD/H helicase family
members by knocking down the expression of each helicase,
followed by monitoring the IFN-f production levels in res-
ponse to poly I:C stimulation. In addition to RIG-I, MDAS5,
LGP2, DDX1, DDX3, DHX9, DDX21, DHX36, DDX60 and
DICER, we found that DHX33 is also involved in sensing poly
I:C. We therefore established stable D2SC cell lines expressing
shRNA to knockdown the expression of DHX33. Figure la
shows that two distinct DHX33-targeting shRNAs (X33-a
and X33-b) efficiently knocked down the expression of
DHX33 at the protein level without affecting the expression
of IPS-1. D2SC mDC:s treated with the scrambled shRNA pro-
duced high levels of type I IEN (IFN-a and IFN-p) following
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Figure 1 DHX33 senses both poly I:C and an RNA virus in D2SC mDCs. (a) IB showing the knockdown efficiency of shRNAs targeting the indicated
proteins in D2SC cells. Scrambled shRNA served as a control (left most lane). Actin blots are shown as loading controls (lower panel). ELISA of IFN-a
and IFN-B production by D2SC cells treated with the indicated shRNAs after stimulation with (b) 2.5 pg/ml long poly I:C, (c) 5 pg/ml short poly I:C or (d)
reovirus. Cells were stimulated with nucleic acids, delivered by Lipofectamine 2000, for 16 h. Virus was added to the cells at a MOI of 10 for 2 h. Cells
were collected, washed with PBS and cultured for an additional 16 h. (e) ELISA of TNF-o. and IL-6 production by D2SC cells treated with the indicated
shRNAs after 16 h of stimulation with 1 pg/ml LPS. N-STM, unstimulated D2SC cells treated with scrambled shRNA. Individual circles represent the
value from each independent experiment. Bars represent the average values from at least three independent experiments. IB, immunoblot; IFN,
interferon; LPS, lipopolysaccharide; MOI, multiplicity of infection; PBS, phosphate-buffered saline; shRNA, small heteroduplex RNA.

stimulation with long or short poly I:C. This type I IFN res-
ponse was strongly attenuated in IPS-1-knockdown D2SC
mDCs, confirming previous reports showing that IPS-1 is the
key adaptor for poly I:C sensors.'®™*® This type I IFN response
was also strongly attenuated in the two DHX33-knockdown
D2SC cell lines (Figure 1b and c), indicating that DHX33 plays
important roles in sensing both long and short poly I:C in
D2SC mDCs. We next investigated whether DHX33 senses
viral infection in D2SC mDCs. Type I IEN production was
measured after culturing control and knockdown D2SC
mDCs with reovirus. Both DHX33- and IPS-1-knockdown
D2SC mDCs had a 90% reduction in type I IFN production
in response to reovirus (Figure 1d). To determine whether
DHX33 senses other stimuli, cytokine production was mea-
sured after control and knockdown D2SC cells were stimulated
with LPS. As shown in Figure le, the knockdown of DHX33, as
well as IPS-1, in D2SC mDCs, had little effect on TNF-ot and IL-
6 production in response to LPS. These data indicate that
DHX33 plays an important role in mediating the responses
of D2SC mDCs to poly I:C and an RNA virus, but not LPS.

DHX33 knockdown in bone marrow-derived DCs (BMDCs)
abolishes their cytokine responses to poly I:C and an RNA
virus

To determine whether DHX33 senses poly I:C or a dsRNA virus
(reovirus) in primary cells, GM-CSF-derived mDCs were pre-
pared and treated with shRNA to individually knock down the
expression of DHX33 and IPS-1. Figure 2a shows that the
shRNAs knocked down DHX33 and IPS-1 protein expression
with an efficiency of 90%. The type I IFN responses of control
and knockdown BMDCs were examined following stimulation
with poly I:C, reovirus or LPS. As shown in Figure 2b-d,
DHX33- and IPS-1-knockdown BMDCs produced much
lower type I IFN levels in response to long poly L.C
(Figure 2b), short poly I:C (Figure 2c) and reovirus
(Figure 2d) than control cells stimulated under the same con-
ditions. Compared with control cells stimulated with LPS,
DHX33- and IPS-1-knockdown BMDCs produced similar
levels of TNF-o. and IL-6. These data indicate that both
DHX33 and IPS-1 have critical functions in sensing both poly
I:C and a dsRNA virus in BM DCs.

Cellular & Molecular Immunology
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Figure 2 DHX33 knockdown in BMDCs abolishes their cytokine responses to poly I:C and reovirus. (a) QPCR showing the knockdown efficiency of
shRNA targeting the indicated genes in BMDCs (left panel). IB showing the knockdown efficiency of shRNAs targeting the indicated proteins in
BMDCs (right panel). Scrambled shRNA served as a control. ELISA of IFN-aand IFN-f production by BMDCs treated with the indicated shRNAs
after stimulation with (b) 2.5 pg/ml long poly I:C, (¢) 5 ug/ml short poly I:C or (d) reovirus at a MOI of 10. Cells were stimulated with nucleic acids,
delivered by Lipofectamine 2000, for 16 h. Virus was added to the cells for 2 h. Cells were collected, washed with PBS and cultured for an additional
16 h. (e) ELISA of TNF-a and IL-6 production by BMDCs treated with the indicated shRNAs after 16 h of stimulation with 1 ug/ml LPS. N-STM,
unstimulated D2SC cells treated with the scrambled shRNA. Individual circles represent the values from each independent experiment. Bars
represent the average values from at least three independent experiments. BMDC, bone marrow-derived dendritic cell; IB, immunoblot; IFN,
interferon; MOI, multiplicity of infection; LPS, lipopolysaccharide; PBS, phosphate-buffered saline; QPCR, quantitative PCR; shRNA, small

heteroduplex RNA.

Recombinant DHX33 rescues the DHX33 shRNA-induced
defect

To determine whether recombinant DHX33 could rescue
the defective IFN production in response to poly I:C
caused by DHX33 shRNA knockdown, we reconstituted
DHX33-knockdown D2SC cells with HA-tagged DHX33
(Figure 3a). The shRNA used in this study selectively tar-
gets the 3" UTR of the DHX33 mRNA. Therefore, only the
expression of endogenous DHX33 was knocked down. The
reconstitution of DHX33-knockdown cells with HA-
tagged DHX33 rescued the IFN-B production that was
rendered defective in DHX33-knockdown cells in response
to stimulation with both long poly I:C and short poly I:C
(Figure 3b).

Cellular & Molecular Immunology

DHX33 signaling is independent of MDAS5 signaling and
RIG-I signaling

Because IPS-1 is the key adaptor molecule that mediates RIG-1
and MDA signaling in the sensing of poly I:C, we sought to
determine whether DHX33 signaling is independent of MDA5
and RIG-I signaling. We performed experiments using MEFs
derived from MDA5- and RIG-I-deficient mice. The produc-
tion of IFN-a in response to poly I:C in MDA5- and RIG-I-
deficient MEFs remained intact, agreeing with a previous
report.® However, IEN-o responses induced by poly I:C were
blocked in MDAS5- and RIG-I-deficient MEFs after the expres-
sion of DHX33 was knocked down by shRNA with 90% effi-
ciency (Figure 4), suggesting that the ability of DHX33 to sense
poly I:C is independent of RIG-I and MDAS5.
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Figure 3 Recombinant DHX33 can rescue the defect in poly I:C-acti-
vated IFN production caused by DHX33 shRNA knockdown. (a)
Immunoblot of endogenous DHX33 in D2SC mDCs (Control) and
recombinant HA-DHX33 (sh+HA-X33) in D2SC mDCs in which endo-
genous DHX33 was selectively knocked down (shDHX33). (b) ELISA of
IFN-B production by D2SC mDCs. IFN, interferon; mDC, myeloid dend-
ritic cell; shRNA, small heteroduplex RNA.

DHX33 forms a complex with IPS-1 in D2SC mDCs

D2SC mDCs and BMDCs in which DHX33 or IPS-1 had been
knocked down displayed similar cytokine responses to poly I:C
and a dsRNA virus. We next determined whether IPS-1 is the
adaptor molecule for DHX33 signal transduction. To investi-
gate the potential interaction between DHX33 and IPS-1, we
performed anti-DHX33 immunoprecipitation experiments
with resting and poly I:C-activated D2SC mDCs. As shown in
Figure 5a, endogenous DHX33 was associated with IPS-1 in
both resting and poly I:C-stimulated D2SC mDCs. By contrast,
an association between DHX33 and RIG-I was undetectable.

DHX33 and IPS-1 interact via the HELICc domain and the
C-terminal domain, respectively

To map the regions of DHX33 and IPS-1 that mediate their
interaction, serial truncations of DHX33 and IPS-1 were pre-
pared. A Myc fusion of IPS-1 was incubated with either
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full-length or truncated HA fusions of DHX33, followed by
pulldown with anti-Myc beads. As shown in Figure 5b, the
HELICc domain of DHX33 was required for the interaction
with IPS-1. Likewise, we conducted reciprocal experiments
using truncated versions of Myc-IPS-1 and full-length HA-
DHX33 to identify the site(s) in IPS-1 bound by DHX33. We
found that the C-terminal domain of IPS-1 was required for the
interaction between IPS-1 and DHX33 (Figure 5¢).

DHX33 binds poly I:C through its HELICc region

To determine whether DHX33 directly binds poly I:C, HA
fusions of full-length DHX33 or truncated DHX33 were incu-
bated with biotin-labeled poly I:C, followed by pulldown with
NeutrAvidin beads. The HELICc region of DHX33 was
required for binding to poly I:C, suggesting that DHX33 binds
dsRNA directly (Figure 5d). To confirm that DHX33 speci-
fically binds to poly I:C, we performed competition experi-
ments by adding increasing amounts of unlabeled poly I:C or
poly U to a mixture of an HA fusion of DHX33 plus biotin-
labeled poly I:C, followed by pulldown with NeutrAvidin beads.
We found that only unlabeled poly I:C could block the binding
of biotin-labeled poly I:C to DHX33 (Figure 5e), supporting the
hypothesis that DHX33 directly associates with poly I:C.

DHX33 is required to activate MAP kinases, NF-kB and IRF3
in mDCs

Studies with IPS-1-deficient mice have shown that the loss of
IPS-1 prevents the activation of NF-kB and IRF3 in multiple
cell types.'” We next sought to determine whether the down-
stream signaling of DHX33 in D2SC mDCs induced by poly I:C
involves MAP kinases and NF-xB and IRF3 activation.
Control, IPS-1-knockdown and DHX33-knockdown D2SC
mDCs were stimulated with poly I:C, and total cell extracts
were prepared and separated by SDS-PAGE, followed by
immunoblotting (Figure 6). In control D2SC mDCs, the phos-
phorylation of p65, Erk1/2, p38 and IRF3 was detected between
60 and 120 min. In contrast, the phosphorylation of p65, Erk1/
2, p38 and IRF3 was barely detectable in DHX33- and IPS-1-
knockdown D2SC mDCs.

DISCUSSION

The TLRs, especially TLR3, are a class of membrane recep-
tors that sense poly I:C and viral RNA.?° However, results
from in vivo experiments indicate that TLR3-deficient and
wild-type mice have similar responses to several viruses,
including vesicular stomatitis virus, lymphocytic choriome-
ningitis virus, reovirus and murine cytomegalovirus.*'
Likewise, cellular responses to poly I:C in vitro are rendered
TLR3 independent when the cells are incubated with suf-
ficient levels of poly I:C.*° In addition to TLRs, other cyto-
plasmic dsRNA-binding proteins, such as double-stranded
RNA-dependent protein kinase and 2’,5'-oligoadenylate
synthetase, are important antiviral molecules.?>*> However,
knockout mouse data indicate that RNA-dependent protein
kinase is not directly essential for cellular responses to poly
I:C,**° suggesting that it acts in a second, IFN-dependent

Cellular & Molecular Immunology
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Figure 4 DHX33signalingis independent of MDAS and RIG-I signaling. (a) IB showing the knockdown efficiency of shRNAs targeting the indicated
proteins in RIG-I-deficient MEFs (left panel). QPCR showing the knockdown efficiency of shRNAs targeting the indicated genes in RIG-I-deficient
MEFs (middle panel). Scrambled shRNA served as a control. ELISA of IFN-a production by RIG-I-deficient MEFs treated with the indicated shRNAs
after 16 h of stimulation with 5 pg/ml short poly I:C delivered to the cells by Lipofectamine 2000 (right panel). (b) IB showing the knockdown
efficiency of shRNAs targeting the indicated proteins in MDA5-deficient MEFs (left panel). QPCR analysis showing the knockdown efficiency of
shRNAs targeting the indicated genes in MDAb5-deficient MEFs (middle panel). Scrambled shRNA served as a control. ELISA of IFN-a production
by MDA5-deficient MEFs treated with the indicated shRNAs after 16 h of stimulation with 2.5 pug/ml long poly I:C delivered to the cells by
Lipofectamine 2000 (right panel). N-STM, unstimulated RIG-1- or MDAbS-deficient MEFs treated with scrambled shRNA. The data represent
the mean=s.d. of triplicate or quadruplicate measurements. Individual diamonds represent the values from each independent experiment. Bars
represent the average values from at least three independent experiments. 1B, immunoblot; IFN, interferon; MEF, mouse embryonic fibroblast;
QPCR, quantitative PCR; shRNA, small heteroduplex RNA.

phase.27 The RIG-I-like DExD/H helicases (RIG-I, MDAS5 Our bioinformatics analysis indicated that there are at least
and LGP2) were identified as cytoplasmic sensors of poly 60 members of the (DExD/H)-box helicase superfamily,
I:C and virally derived dsRNA.®® Interestingly, RIG-I was including the following subfamilies: RIG-I-like receptor
found to preferentially sense 5'-triphosphate dsRNA, ssRNA  (RIG-I, MDA5 and LGP-2), DEAH/RHA, aspartate—gluta-
and short poly I:C (>300 bp and <1000 bp). MDAS prima- mate—alanine—aspartate (DEAD)-box and Snfl-related kinase
rily senses long poly I:C (>1000 bp). Furthermore, residual interacting protein 2-like.”” Indeed, a recent study demonstrated
responses to poly I:C in MDA5- and RIG-I-deficient MEFs that DICER-2, another RIG-I-like DExD/H helicase, senses
still exist,® suggesting the presence of additional RNA sensors  viral nucleic acids as part of the Drosophila innate immune
that function as part of the innate immune system. Recently, ~system.'” DDX3, a member of the DEAD-Box subfamily, is
we found that these residual responses in MDA5- and RIG-I-  able to recognize poly I:C in 293T and HeLa cells, and it
deficient MEFs were blocked after the knockdown of DDX1, induces an IFN-f response mediated by IPS-1. Members of
DDX21, DHX36 or TRIF expression by shRNA.!%2 In addi- the DEAD-Box subfamily, as well as DDX1, DDX21, DHX9
tion, a residual response to short poly I:C in RIG-I-deficient and DHX36, play critical roles in sensing both short and long
D2SC mDCs also exists. This residual response was poly I:C in mDCs. All of these studies suggest that DExD/H
decreased dramatically after the knockdown of DHX9 helicases play very important and broad roles in antiviral
expression.’* A previous study reported that RIG-I and innate immune responses. Other members of the (DExD/H)-
MDA-5 are type I IFN-induced genes in response to poly box helicase superfamily may be missing the initial poly I:C
I:C,*® suggesting that these RIG-I-like receptors need to be and viral RNA sensors.

upregulated to a sufficient level secondary to IFN stimu- Different helicases may use different adaptor molecules as
lation. Collectively, these findings indicate that there are well. The DDX1-DDX21-DHX36 complex uses TRIF as an
other molecules involved in the initial sensing of viral RNA. adaptor molecule."* RIG-I and MDAS5, as well as the NOD-like
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Figure 5 DHX33 interacts with both poly I:C and IPS-1. (a) IB of the indicated proteins precipitated with an anti-DHX33 antibody from whole-cell
lysates of D2SC cells that were unstimulated (—) or stimulated with long poly I:C (+). An IgG antibody served as a control. (b) Top: schematic
representation of DHX33 and its serial truncations. DExDc: Asp—Glu—Ala—Asp box motif; Helic C: helicase C-terminal domain. HA2: helicase-
associated domain. DUF: domain of unknown function. Numbers denote amino-acid residues. Middle panel: immunoblot of purified HA-DHX33
truncated proteins using an anti-HA antibody (a—f). Bottom: immunoblot using an anti-HA antibody of proteins precipitated (IP) with an anti-Myc
antibody from a mixture of an HA-DHX33 protein (a—f) individually incubated with a Myc-IPS-1 fusion protein. (c) Top: schematic representation of
IPS-1 and its serial truncations. CARD: the caspase activation and recruitment domain. Numbers denote amino-acid residues. Middle panel:
immunoblot using an anti-Myc antibody of purified Myc-IPS-1 truncated proteins (a—d). Bottom: immunoblot using an anti-Myc antibody of
proteins precipitated (IP) from a mixture of a Myc-IPS-1 protein (a—d) individually incubated with an HA-DHX33 fusion protein. (d) Immunoblot
using an anti-HA antibody of pulldown assays in which purified, serial truncations of HA-DHX33 (a—f) were individually incubated with biotinylated
poly I:C, followed by the addition of NeutrAvidin beads. (e) Immunoblot using an anti-HA antibody of pulldown competition assay products in which
0.5, 50r 50 pg/ml poly I:C or poly U was added to a mixture of HA-DHX33 plus biotinylated poly I:C, followed by the addition of NeutrAvidin beads.
IB, immunoblot; IP, immunoprecipitation.

receptors, contain a CARD domain that interacts with another
CARD-containing protein, IPS-1. IPS-1 transduces the signal
through IxB kinase-related kinases, such as TNF receptor-
associated factor family member-associated NF-xB activator-
binding kinase-1 and inducible IxB kinase, culminating in the
activation of IRF3 and the induction of the transcription of
type I IFNs.”® We identified DHX33 as a protein that binds
IPS-1. Although DHX33 has DEXDc and HELICc type
domains that are similar to those of RIG-I and MDA?S, it does
not have a CARD domain.

By screening 60 members of the DExD/H helicase family
by siRNA-mediated knockdown of protein expression fol-
lowed by the detection of type I IFN responses to poly L:C,

we identified RIG-I, MDA5, LGP2, DDX1, DDX3, DHX9,
DDX21, DHX33, DHX36 and DDX60 as sensors of poly I:C.
It has been reported previously that RIG-I, MDA5, LGP2,
DDX1, DDX3, DHX9, DDX21, DHX36 and DDX60 play
roles in sensing poly I:C.o"*'>'*!> In this study, we disco-
vered the important function of DHX33 in sensing poly I:C
and an RNA virus. The knockdown of DHX33 by shRNA in
the mouse DC cell line D2SC strongly attenuated type I IFN
production in response to poly I:C and reovirus. DHX33 can
bind poly I:C and uses IPS-1 as an adaptor molecule.
Importantly, we demonstrated that the observed association
between DHX33 and IPS-1 in overexpression studies also
occurs endogenously. Taken together, our results suggest
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Figure 6 DHX33 is required for the activation of MAP kinases, NF-kB and IRF3 in mDCs. Immunoblot of the indicated proteins from the lysates of
D2SC mDCs treated with a scrambled shRNA (control), a DHX33-targeting shRNA (DHX33) or an IPS-1-targeting sShRNA (IPS-1) after stimulation
for the indicated time with 2.5 pg/ml long poly I:C delivered by Lipofectamine 2000. B-Actin served as a loading control. mDC, myeloid dendritic cell;
shRNA, small heteroduplex RNA.

that the DExD/H helicases play critical roles in innate
immunity by sensing dsRNA and an RNA virus.
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